Abstract

Acousto-optics science deals with the intecactetween sound and light
waves. Acousto-optic waves are most important sndferring signals
through the communication systems, since modulatiggals takes a great
advantages in the field of communication enginggripio-medical, laser
beam deflection and laser intensity modulation.

The aim of this work is to simulate the fundamental an Acousto-Optic
Modulator. The simulation procedure is based onordtecal and
computational relationships describing acoustoeomiroperties for three
selected materials which are “Glass, Germanium, &aliurium-Oxide”.
Two computer programs have been written using “MABL software, the
first used to verify the normalized intensity okthliffracted orders versus
peak phase delay using partial differential equmatiovhile the second
program is used to study the normalized intenditihe electric field versus
time wave propagation and electro-magnetic wav@agation in x, y and z
directions, using Finite Difference Time Domain.eTtesults for Glass and
Tellurium-Oxide materials shows that the periodigecleange of the
normalized intensity between the zero and firsesdecomes smaller as the
interaction length D increase, this indicate tlnet higher orders may appear
very clear in these materials. The results forGeess material show that the
normalized intensity of the electric field increasavith increasing

electromagnetic wave propagation in x, y and zatioes.



The results for Germanium shows that the peak sitferexchange for the
zero diffracted order vanish quickly and coincidenwith the higher

diffracted orders.
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APPENDIX-A

Flow chart program use for calculating intensity of the diffracted orders
versus peak phasedelay in MATLAB

Start

A 4

Constant entering
Q,D

l

Calculate the diffracted intensity
involving 10 diffracted orders

Eq.(3.1)

A

Calculate peak phase delay a

a initial=0, a final=20 , step=0.111

A 4

Graph the intensity of diffracted
order | versus peak phase
delay a

End
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APPENDIX-B

Flow chart program use for calculating intensity of the electric field versustime
propagation and electro magnetic wave propagation in MATLAB

A 4

Constant entering (Mo , €&, W, A, €, C)

\ 4

Using cubic mesh grid with 4- layers and each layer consist of
6*6 blocks to find the solution of the intensity of electric field

\ 4
1° Loop with Tinitia=0 , Tina=2TT, Tincreament=0.1TT

> 2nd Loop with layer inia=0, layerfina=4

3" |_oop with mesh arid point m=2.5 . n=2.5

A 4
Calculate the electric field intensity component in x

and z direction using Finite difference time domain

A 4

Calculate the correction term using Jacobi iterative method

A 4
Calculate the accurate electric field intensity

component in x and z direction

Graph Electric field intensity components versus time

End
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APPENDIX-C

The intensity of the electric field term in x and z direction using Jacobi
iterative formula can be shown as the following equations

1
ExXtuminy = (Z) * [EXtn-1min-1) T EXtne1min-1) ¥ EXmum-10n-1)

+ EXtum+1,Ln-1)] (1)

1
Ezomminy = (Z) * [EZ(n—l,m,LN—l) + EZgyimin-1) T EZgym-1,08v-1) T

Ezqmm+1,Ln-1)] (2)

1
Exmuminy = (Z)

* [Exmem—_1min-1) + EXMe(ni1min—1) + EXMe(m_11n-1)
+ Exmemm+1,.n-1)] (3

1
Ezm(n,m,LN) = (Z) * [Ezme(n—l,m,LN—l) + Ezme(n+1,m,LN—1) +
Ezmemm-11n-1) +

Ezmemm+1,1n-1)] (4)

Exd (nmLN) =

1
(Z) * [Exd(n—l,m,LN—l) + Exdmi1min-1) t Exdgm-11nv-1) T Exd(n,m+1,LN—1)]

)

EZd(n,m,LN) =

1
(Z) * [Ezdn—1min-1) T EzZdy1min-1) + EZdmm-11v-1) + EZdmm+1,0n-1)]

(6)

C-1



The correction term for the electric field component in x and z direction
can be introduced as the following equations

1
Extminy = EXuminy — (Z) * [EX(na1min) — 2 * EX(umony +

Exm-1min) + EXumerin) — 2 * EXgumny + EX(nm—1,080)] (7)

1
EZminy = EZguminy — (Z) * [EZyrminy — 2 * EZumony +

Ezq_1min) ¥ EZmmer,n) — 2 % EZ(n,m,LN) + EZ(n,m—l,LN)] (8)

1
Exmmpminy = EXM Ny — (Z) * [EXMpip1,mony — 2 * Exmgminy +

Exme_1miny + EXMaumeriny — 2 * EXMy vy + EXMpm—1,180)]
9)

1
Ezmmminy = EZMmmminy — (Z) * [EzMi1miny — 2 * EzZmgm vy +

Ezm(n—l,m,LN) + Ezmemaqny) — 2 % Ezm(n,m,LN) + Ezm(n,m—l,LN)]
(10)
Exdmminy = Exdmminy — G) * [Exdmy1miny — 2 * Exdgym vy +
Exdm-1,miny + Exdmmer,iny — 2 * Exdgminy + EXMym—1,080)]

(11)

1
EZd(n,m,LN) = EZd(n,m,LN) - (Z) * [EZd(n+1,m,LN) — 2% EZd(n,m,LN)
+ Ezd-1,miny + EZdma1,vy) — 2 * EzZdym vy + EZd(nm—1,00)]

(12)
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Chapter Five Conclusions and Suggestions for Future Works

CHAPTER FIVE

Conclusions and Suggestions for Future Works

5.1 conclusions:

From the results shown in previous chapters, we can conclude that

1. The results for the Glass material and Tellurium-Oxide materia shows that

the periodic exchange of intensity between the two main diffracted orders zero
and first becomes smaller as the interaction length D increase, this indicate
that the higher orders may appear very clear in these materials.

2. The results for Germanium shows that the peak intensity exchange for the
zero diffracted order vanish quickly and coincidence with the higher diffracted
orders. The results for Tellurium-Oxide material was the best material more
than Glass and Germanium materials because it has large values of Q.
Moreover, -1 diffracted order may disappear, so that it satisfies the condition
of Bragg regime more than other materials.

3. The results for the Glass material shows that the normalized intensity of the
electric field increase with the E.M.W. propagation at X, y, and z direction.

4. For Germanium and Tellurium-Oxide crystals the normalized intensity of the
electric field decreases with increasing E.M.W. propagation

5. The intensity of the electric field decreases with increasing the E.M.W.

propagation thisis shown clearly for Tellurium-Oxide and glass materials.
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Chapter Five Conclusions and Suggestions for Future Works

5.2- Suggestion For Future Work

1. Solving the wave equation using Monte Carlo method for the same

materials.

2. Construct the acousto-optic modulation device experimentally.
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Chapter Four Simulation of Strong Interaction Acousto-Optics Waves Using FDTD

CHAPTER FOUR

Simulation of Strong Interaction Acousto-Optics Waves Using
Finite Difference Time Domain

4.1 Introduction

Strong interaction is preferred as a high efficienmopde of operation in

acousto-optic devices. Most theories of strong radon use simplifying

assumptions, such as sharply bounded sound columimish are often realistic
[6].

In this chapter we use Finite Difference TiD@main method to simulate the

strong interaction acousto-optic waves.

A software program has been written using MATLA®tware to simulate the
distribution of the intensity of the electric fieldersus propagation of the
electromagnetic wave “E.M.W” in a three dimensicals using Finite Difference

Time Domain.

4.2 Finite Difference Time Domain

Finite Difference Time Domain “FDTD” is a popwlcomputational electro-
dynamics modeling technique. It is considered e@syunderstand and to
implement in software. Since this method using tohoenain, the solutions can
cover a wide frequency range with a single solution which is called shut
solution. Since 1990, FDTD techniques applied imynanodeling application
ranging from geophysics (involving the entire earibn sphere waveguide)
Through microwaves (radar signature technology) amdennas (wireless
communication devices3]]
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Chapter Four Simulation of Strong Interaction Acousto-Optics Waves Using FDTD

During the past 25 years the FDTD method hasine the most widely used
simulation tool of electro-magnetic phenomena. ds tbeen applied to many

problems of propagation, radiation, and scatteoinglectro-magnetic wave87].

FDTD applied to estimate the path loss inaasiinfrastructure types, tunnels,
water distribution networks, and bridges due to atzuracy, flexibility, and
potential for visualizing the simulation resultsowkver, problems occur owing to
the high memory requirement and heavy computatibnaden when dealing with

these large scale systems using this technigfle [

There are five primary reasons for the tremesdexpansion of interest in

FDTD computational solution approaches for Maxveediuations these ar&4]:

1. FDTD uses no linear algebra. Being a fully expliootmputation, FDTD
avoids the difficulties with linear algebra thamit the size of frequency-

domain integral-equation.

2. FDTD is accurate and robust. The sources of enr&0TD calculations are
well understood, and can be bounded to permit ateunodels for a very
large variety of electromagnetic wave interactiooigbems.

3. FDTD treats nonlinear behavior naturally. Beingnaetdomain technique,
FDTD directly calculates the nonlinear responseanf electromagnetic
system.

4. FDTD is a systematic approach. With FDTD, specdyanew structure to
be modeled is reduced to a problem of mesh geparasither than the
potentially complex reformulation of an integraluatjon. For example,

FDTD requires no calculation of structure-dependgrten functions.
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Chapter Four Simulation of Strong Interaction Acousto-Optics Waves Using FDTD

5. Computer visualization capabilities are increagiagidly. While this trend
positively influences all numerical techniquesisitof particular advantage
to FDTD methods, which generate time-marched arodygeld quantities

suitable for use in color videos to illustrate fiedd dynamics.

In this chapter we adapt three types ofstals these are: Glass “G”,

Germanium “Ge” and Tellurium-Oxide “T&0

4.3 Results and discussion

The results using FDTD, show the variatiorihe normalized intensity of the
electric field with the time. Also, these resultavh been demonstrated in 3-
dimension, i.e the normalized intensity of the #wlec field with the
electromagnetic wave propagation in x, y, and edion, respectively. All these
results have been studied for three types of nadgerwhich are: Glass,

Germanium, and Tellurium-Oxide.

The incident electric field is given by an equatjip

Einc(r,t) = Re[Einc(r)ejwot] 4.1

where:E;,.(r, t) : represent the incident electric field, Re: reatt pf the incident
electric field, w : angular frequency of the materials, t : is thepagation time,

and j : is the complex number.

Figures (4.1), (4.2), and (4.3) show the behasfahe normalized intensity of
the electric field versus time propagation for tleass, Germanium, and

Tellurium-Oxide, respectively.
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Chapter Four Simulation of Strong Interaction Acousto-Optics Waves Using FDTD

These figures shows that the normalized imgnsgecrease with the
propagation time in case of Glass and Telluriumd@xcrystals While, for the
Germanium crystal the normalized intensity stillnstant then very little
decreasing with the time propagation, this is duéat the E.M.W. collide with
photons so that loss its intensity through its pggiion with the space and time,

l.e the E.M.W. collides with photons in Glass anelldrium-Oxide more than

Germanium.
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Figure (4.1): Normalized intensity of the electric field versus time propagation
for Glass crystal
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Figure (4.3): Normalized intensity of the electric field versus time prop;gation
for Tellrium-Oxide crystal
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Chapter Four Simulation of Strong Interaction Acousto-Optics Waves Using FDTD

Figures (4.4), (4.5), and (4.6) shows the bmitaf the normalized intensity of
the electric field with electromagnetic wave prog@on in X, y, and z directions,

respectively for the Glass crystal.

These figures shows that the normalized intgrdditthe electric field increase
with the electromagnetic wave propagation in xng @ directions from the zero

point and the decreasing.
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Chapter Four
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wave propagation in z-direction for Glass crystal
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Figures (4.7), (4.8), and (4.9) shows the badravi the normalized intensity of
the electric field versus electro-magnetic wave ppgation in x, y, and z

directions, respectively for Germanium crystal.

All These figures have been demonstrated thatntbrmalized intensity has
similar trend in x and y directions with Glass ¢aysvhile, in the z direction the

normalized intensity decrease without increasing.
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Chapter Four Simulation of Strong Interaction Acousto-Optics Waves Using FDTD

Figures (4.10), (4.11), and (4.12) shows th&ak®r of the normalized
intensity of the electric field versus electromaigm@ave propagation in x, y and

z directions, respectively for Tellurium-Oxide cigfs

These figures show that the normalized intensdég similar trend in x and y
directions (same behavior of Glass and Germaniurygtals while, in the z
direction the normalized intensity increase andntklecrease that is different

behavior about the z direction for the Germaniuystzi.
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Chapter Four Simulation of Strong Interaction Acousto-Optics Waves Using FDTD

Figures (4.13) and (4.14) show the behavior ofrtbemalized intensity of
the electric field versus electromagnetic wave pggtion in 3-dimention scale
and its contour, respectively for Glass crystal.rétwer, these figures show that
the normalized intensity of the electric field in direction reaches to the

maximum value than the Germanium, and Telluriume®arystals.

While, figures (4.15) and (4.16) show the behawibthe normalized intensity of
the electric field versus electromagnetic wave pgation in 3-dimention scale
and its contour, respectively for Germanium cryst@hese figures show that the

normalized intensity at the z direction has a vé#ss than the Glass crystal.

Then, figures (4.17) and (4.18) show the behasidhe normalized intensity of
the electric field versus electromagnetic wave@pagation in 3-dimention scale
and its contour, respectively for Tellurium-Oxidgstal. These figures show that

the normalized intensity has little increasing thiae Germanium crystal.
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Figure (4.13): 3-D Normalized intensity variation of the electric field
versus electro magnetic wave propagation for glass crystal
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Figure (4.14): Contoure normalized intensity vaidat of the electric field

versus electro magnetic wave propagation for glaystal
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Figure (4.15): 3-D normalized intensity variatio the electric field
versus electro magnetic wave propagation for Germancrystal
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Figure (4.16): Contoure normalized intensity of tlkeédectro magnetic field
versus electro magnetic wave propagation for Germuan crystal
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Figure (4.17): 3-D normalized intensity variatiof the electric field
versus electro magnetic wave propagation for TallriOxide crystal
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Figure (4.18): Contoure normalized intensity variat of the electric field

versus electro magnetic wave propagation for Taimi-O xide crystal
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4.4 Conclusions:

The results for the Glass material show that themabzed intensity of the
electric field increases with the E.M.W. propagati@Vhile, for Germanium and
Tellurium-Oxide crystals the normalized intensitiytioe electric field decreases

with increasing E.M.W. propagation.
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CHAPTER ONE

Introduction of Acousto-Optics

1.1 General Introduction

A cousto-optics science “AO” deals with the interagtbetween sound

and light waves. As a result of acousto-optic it&on, the electrical signal
modulates the light waves. The piezoelectric traned converting the
electrical signal into the sound waves propagatinipe acoustic medium. The
rarefaction and compression waves, which are alelayethe pressure in the
sound waves, causes the perturbation of the refeaictdex. The incident light
splits into various diffracted orders by the phgsating. The directions of the
diffracted or scattered light inside the sound edlich are given byl]:

Sin @, = SiN &, + MAy/A 1.1

Equation (1.1) is known as equation of grating.
Where: m is the diffraction order;,gis the angle of incident light,as the
angle ofthe mi" order of diffracted lightj is the wavelength of the incident

light, andA is the acoustic wavelength.

Fig. (1.1) shows the schematic diagram of acoupta:onodulator 1].
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m-th diffracted
order

o
_f_
Incident
light

1-st diffracted order

¢inc

=
@o

0-th diffracted
order

Propagating
sound

m-th diffracted

Piezoelectric

transducer Z=D

Figure (1.1): Acousto-optic modulatdi]]

Figures (1.2) and (1.3) shows the up shifted down shifted interactions,
respectively, where (a) represents the wave vealisgram and (b) represents

the experimental configuratiod]|



Chapter one Introduction of Acousto-optic

(b)

Figure (1.2) shows the up-shifted frequency ofd¢bend interaction: a wave-
vector diagram; b- Experimental configuratidi [

wW_1=w,— {2

(a) (b)

Figure (1.3): The down-shifted frequency of thersbinteraction: a- Wave-
vector diagram; b- Experimental configuratidi. [
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Up-shifted interaction can be represented byfollowing equations]]|
Kii= ko + K 1.2
W41= Wp + Q 1.3

while, the down-shifted interaction can be repmnésd by the following

equations]]
ki=Kky—k 1.4
W.1 =Wy —Q 1.5

where k represents wave vector of the light incident pland k, represent
wave vector of diffracted (or scattered) plane wakéght. wy, 2, and w; are
the angular frequencies of the incident light, sbwave, and scattered light,

respectively.

1.2 Surface Acoustic Waves

Guided optical waves in waveguides (either plamatiop guides) are tightly
confined to a region close to the substrate surfdceachieve an efficient
interaction between the guided optical waves arg dboustic wave, the
acoustic field should be localized in this regi@mall part of acoustic wave
may interact with the optical wave since these wasdend over the substrate
volume. Rayleigh in 1888 predicted that the surfaceustical wave is a
solution of the acoustical wave equation. Nowad&ysface Acoustic Waves
“SAW” find a wide rang of applications, in partieu| in radio frequency RF-
electronics, where SAW devices are used for signatessing and frequency

filtering.
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In most materials, SAW have a complex structufhey are neither
longitudinal nor transverse waves. The amplitudd #me direction of the
mechanical displacement of a point in a crystalstrengly dependent on the

distance from the substrate surff@je

1.3 Planer Wavequide Type Acousto-Optical Deflectors

Bragg type Acousto-Optical Deflectors “AOD” and Amto-Optic
Modulators “AOM” are well established optic compatee with a variety of
application. Therefore, it was obvious to develgpiealent integrated optical

circuits.

The basic structure of an acousto-opticedgg deflector in a planer

waveguide can be shown in figure (1.2) [

Incoming

©
= Diffracted wave
Planer
waveguide T~ —
/’ Undiffracted wave

Substrate SAW transducer

Figure (1.4): The basic structure of an integrateausto-optical

Bragg deflector in a planer waveguid [
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The efficient interaction between acoustic wavesthwhe guided optical
wave occurs when the SAW is excited on the sulesssatface. The Klein-Cook

parameter “Q” is defined ag]f

2And
=== 1.6
nA

Q

where d is the interaction length of material ant the refractive index of
materials, Q<<1 leds to Raman-Nath regime. while>Q) leds to Bragg

regime.

The frequency of the diffracted light is eithup shifted or down shifted
from that of the incident light by the frequencytbé SAW. The up shifted or
down shifted corresponds, respectively, to the aasehich the incident wave
vector is at an angle larger or smaller thahféfm the SAW wave vector. The
diffraction efficiency is proportional tdFa, where R is the power of the

acoustic wavé?].

1.4 Acousto-Optic M odulators and Deflectors

Acousto-optic component are usually used in lageipenent for electronic
control of the modulation and or deflection of tlaser beam. The acoustic
wave generates a refractive index, which acts assidal grating in the optical
material when the interaction of acoustic waves &ghdt occur in optical

materials. The first order beam can be made to Hawdiighest efficiency by
[3]:
1. A suitable design of the modulator or deflector.

6
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. The tuning of the incident angle between the l&ght and the axis of acoustic

propagation in the optical material.

The angle of diffractiond” can be written by the following equati¢ai:

g:ﬁzng 1.7

Va

where: { is the acoustic frequency, Is the acoustic velocity, ang, is the

Bragg angle.

The diffraction of a light beam by travelli acoustic plane wave in an

acousto-optic modulator can be shown in figure)(4b

Incident
light beam

T~
\
1

A

T

Compressio | acoustic plane
—_ waves

Travelling

Rarefactiol

i

Piezoelectric transduc

Figure (1.5): The diffraction of a light beam bgelling acoustic plane

Wave in an acousto-optic modulatdf [
7
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1.5 Acousto-Optic M aterial Selection

Variety materials are used for acousto-optic madutadepending on the
wave, power density, and polarizatidj.[Table (1.1) illustrates the properties

for most common materials used for acousto-optiwadulator 8].

Table (1.1): Summary of the properties and figurmerit for most
common materials used for acousto-optical modutg&)r
Material Optical | Optical | Refractive| Acousticmode FIG.of
range | polanzaton| - ingex velocity MERIT
Microns

AMTIR 1.06-5 | Random 2.6 L | 26*10 140
Flint Glass| 0.45-2 | Random 1.8 L | 3.51*10 8
SF6
Flint Glass| 0.45-2 | Random 1.7 L | 4.0710 5
SF10

Fused 0.2-4.5 | Linear | 1.46 L | 5.96*10 1.5
Silica

Fused 0.2-4.5 | Random 1.46 S| 3.76*19 0.46
Silica

Crystal | 0.2-4.5 | Randon] 1.55 L | 5.75*10 1.5/2.2
Quartz or

Linear

Gallium | 0.63-10| Linear 3.3 L | 6.65*10 29
Phosphate

Gallium | 0.63-10 | Random} 303 S| 4.13*18 17
Phosphate

Germaniu | 2.0-10 | Linear 4 L | 5.5*10 180
m

Lithium | 0.6-4.5 | Linear 2.2 L | 6.6*10 7
Niobate

Lithium 0.6-4.4 Linear 2.2 S 3.6%16 15
Niobate
Tellurium | 0.4-5 | Random 2.25 L | 4.26*10 34
Oxide
Tellurium 0.4-5 Circular| 2.25 S 0.62*16 750
Oxide
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Table (1.1) shows the Germanium material is thetrsosnmon material
that used in the application of the acousto-optixintator with a relative high
figure of merit at infrared region. While for fuseilica, crystal quartz, and

Tellurium Dioxide, we used visible regio8][

1.6 Literature Review

Brillouin in 1922 B] predicted only (+1) and (-1) orders of diffractidor a

sinusoidal sound wave. The most important theorgamfusto-optic modulator
was developed in “1930”, where the ultrasonic ligiffraction phenomenon
was developed by Raman and Nagendia Their first approximated theory
has assumed a thin column of ultrasonic as a piraseg in which a curvature

of light rays could be neglected.

Lucas and Biquard in 1933%]] performed two independent experiments
which originated investigations on the ultrasomd dight interaction initiating
the new branch of science and applications widelyetbped as acousto-optics.
Recently, the results of these experiments illtisigathe diffraction of light by
such high-frequency sound waves in a liquid.

Debye and sears in 193, [discussingheir results has stated that in their

experimental conditions the Bragg reflection angkes not sharply if% large

compared to;ll does a sharp where L: is the interaction lengthis the wave

length of sound, anit is the wave length of light.
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In fact a good prediction of acousto-opticsaddy diffraction confirmed
experimentally by Bhagavantam and Rao in 1348 |

Many investigations were carried out to stulkg nature of the ultrasonic
light diffraction in some special configurationsparticular in the case of two

parallel ultrasonic beams. The theoretical reselddorated by Leroy in 1973

[5].

In 1979 f] showed that the Strong interaction is the gensaaé of up shifted
Bragg diffraction. The interaction diagram illiegting detailed dynamics in the

interaction region are shown in figure [1.6]

Figure (1.6): shows the interaction dieng illustrating detailed

dynamics in the interaction regio@ |

Where, E, and E: the intensity of the zero and first orders, respely, b: is
the Bragg line.

10
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Fox in 1982 [7], showed that the equationscdbing the interaction
between an optical beam and an acoustic wave anedeusing plane waves
derived from elementary scattering sources. Thaiobd results are in good
agreement with other well known methods such asdifferential difference

equation approach.

The equations are applied to the acousto-opteraction in the weak and
strong approximations and also to the scatteringnae-width optical beams

with rectangular and Gaussian profiles.

Berg in 1983], developed many acousto-optical devices for digna
processing as light modulators, deflectors, fil@nsl analyzers were applied in

science and technology as well as in practical-efgotronics, photonics etc.

Zadorin and Sharangovich in 1988], [ showed that the acousto-optic
interaction of complex optical and acoustic radiatifields in a crystal is
investigated. Differential equations are obtainedthe diffracted light field in
anisotropic medium. The problem of strong acousgtireointeraction in the
field of a focused acoustic wave is solve. The tswhs describe the diffracted

field near the acoustic lens and also in the vigiaf its focus.

Brooks and Reeve in 1999,[showed the ability of an AO cell to deflect a
light beam through an angle proportional to theqdiency applied to its
transducer has been exploited to construct a sinmgffective “FM”
demodulator. Two different types of detector arasidered: a single detector
and a Bi-cell detector. The performance of thedi-system is found to be
superior by virtue of its ability to reduce/candble effects of amplitude
modulation on the signal and variations in lasdensity. It is shown that

11
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systems can be designed to operate at center freiggsefrom tens of MHz to a
few GHz, with maximum frequency deviations and matlon frequencies

from a few KHz to tens of MHz. Experimental resulise presented to
demonstrate the validity of these expressions. ¢bncluded that an AO system

may be use to measure the “FM” characteristicssifjiaal.

Sharangovich in 19990], Showed a theoretical model is presented for the
strong two-dimensional acousto-optic interactionO1A of finite size beams
with arbitrary profiles in an acoustic field withcarved wave front. Transfer
functions are derived in a universal normalizedrfdor the AOI. The results of
numerical simulation of the diffraction charactgéds show that during AOI in
an acoustic field with a curved wave front the pdof the diffraction
efficiency and band width increases at least tgsifor a weak interaction and

more than five times for a strong interaction.

Thompson in 1996]], showed the interaction between SAWs and guided
optical waves in Si Ge/Si structure by determinthg electric field of the

optical mode, the strain that induced by propaga8AW.

Dunn and Poon in 199713], presented analytical solution to the strong
acousto-optic interaction problem in three dimensicand compare the
analytical results to two different split-step nuroal algorithms. The first
algorithm uses the concept of Fourier-optics, wiiile second relies on the

more rigorous wave equation approach.

Derek in 199813], explained the image processing by acousto-dgg

diffraction to perform image enhancement. Theoattiesults consists two

12
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diffracted order in three dimensions. The presestgibrimental data confirms

the validity of the theoretical results.

Arshia and Poon in 2003}, showed an AOM consists of a small piece of
crystal or glass to which a piezo-electric trangius bonded. When a voltage
waveform is applied to the transducer, an AOM cannhade to intensity

modulate, frequency shift or deflect a laser beamugh the AO effect.

A bi-stable device was a device with a capabiltygenerate two different
outputs for a given input. In this study used foster diffracted light as
feedback. The nonlinearity associated with the A@hdl the feedback causes
bi-stability in the overall system. For this goahttmematical and analytical
models describing the AO interaction were numelgcaolved by using
MATLAB.

Masalsky in 2003 15], explained that the waveguide acousto-optic unit
based on Bragg diffraction of the modulated lighaim, so that this device is

widely used in many field like computing, telecommaation.

The theoretical analysis showed that the wanksgexist for diffracted and

un diffracted optical waves.

Hang in 2004 16], studied optic-acoustic “OA” imaging as an emaqyi
technology that combines the high contrast of &@ssptical properties and the

high spatial resolution of ultrasound. In this stuee assumed a new numerical

Approach based on the Finite Difference Time-Damd&DTD” method to

solve the general OA equations.

13
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Obaidy in 2005 1[7], studied a computer simulation by using MATLAB
software to deduce the value of design parameterh as Klein-Cook “Q”
parameter and crystal efficiency at the acouséquencies. Experimental work

involves two parts:

1. The optical part used Lithium Niobate “LiNBOcrystal as nonlinear
crystal and He-Ne laser of 632.8 nm wavelengthlanmiv output power.

2.  The electrical part which is constructs the triggecuit and high voltage.

The result showed that the condition Q>1 meaas ttie crystal operates in
Bragg regime. Also, introducing the relation betw@eak phase delay™ and
laser intensity at different values of Q of the rtbudiffraction orders to

describe the light-sound interaction in the crystal

Tsarev in 2007 18], studied the numerical simulation of acoustictas
tunable filters based on multi- reflection beanmarfék waveguide filters based
on the thin film of LiNbQ by using FDTD method. The results showed that the
AO filters have very good dispersion properties andremely small size

provide a narrow filtration line.

Molchanov and Makarov in 20079, showed that the theoretical and
experimental investigation of acousto-optical tueafiters, based on quasi-
collinear geometry of light-sound interaction iligum dioxide single crystal.
This configuration uses the effect of strong adeuahisotropy in tellurium
dioxide as well as peculiarities of acoustic waedections from the free

boundary of the crystal.

Baryshev and Epikhin in 20P20], showed that new acousto-optic

modulator (AOM-RN) operating purely in the RamantiNdiffraction regime.
14
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This device can be used as an external phase nmodula frequency-
modulation (FM) optical heterodyne spectroscopy fast and broadband
frequency control of diode lasers. The FM spectipgcbased on AOM-RN
makes it possible to analyze both absorption agedsion properties of optical
resonances under study; this possibility is showithie example of saturated-
absorption resonances in cesium vapor. The pasgibil detecting coherent
population trapping resonances using FM spectroseath AOM-RN as an

external phase modulator is experimentally dematesdr

1.7 The aim of thes's

The aim of this work is to simulate the propert@san Acousto-Optic
Modulator “AOM”. The simulation procedure is based theoretical and
computational relationships describing acoustoeoptoperties of the AO cell
parameters. Three different materials have beer, usdich are “Glass,
Germanium, and Tellurium-Oxide”. The AOM are ca#ted using two
different techniques these are: Partial differérdgiad Finite Difference Time

Domain, algorithms.

15
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1.8 Thesis layout

The thesis layout is as follows

Chapter One

Involves general introduction and historical reviefnthe previous
published researches.

A 4

Chapter Two

Consist of a theoretical background for the thssigect. Shows the twa

types of diffraction and characteristics of thdrdifted light, also consist

the brief description of the acousto-optic modolat@and the modern
application of acousto-optic effect.

\ 4

Chapter Three

Involves the results drawn on graphs in 2-D coatdirfor the intensity of
the diffracted orders versus peak phase delay fss5Germanium, and
Tellurium-Oxide crystals using partial differentequation.

A 4

Chapter Four

Involve the results drawn on graphs in 2-D and Gebrdinates for the
intensity of the electric field versus the time pagation and electro
magnetic wave propagation for Glass, Germanium,Tahldrium-Oxide
crystals using Finite Difference Time Domain.

A 4

Chapter Five

Involves conclusions of this work and the suggestior the future
works.

16
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CHAPTER THREE

Theoretical Computation

3.1 Introduction

A partial differential equations “PDE” is an equatithat contains partial

derivatives. In contrast to ordinary differentiajuations “ODE”, where the
unknown function depends only on one variable, evimi PDE the unknown
depends on several variables. A PDE are usefuloddblecause all nature laws
of physics like the Maxwell's equation, Newton’sviaf cooling, Newton’s law
of motion, and Schrodinger’s equation of quantuncima@ics are stated in terms
of PDE. These laws describe physical phenomeneelaying space and time
derivatives 29]. In this chapter, we propose a numerical apprdsaged on the
partial differential equations to calculate theemdity of the diffracted orders

y” versus peak phase delay’

3.2 Theoretical part

In this section solve a partial differentiaduation which describes the
intensity for the different diffracted orders. This known as Korpel-Poon

equation which is given bWJ:

1 .E':'ng - - 1 .B';'nlg - -
dpym = @ —;—QE_B +{2m—1)] Lo JoOE o H2m+1]]
iz __fz_e ? E 1'-}Dfm—l - ; E 1'-}Dtm+:l 3.1
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Equation (3.1) could be used to demonstrate saumeerical results obtained

by MATLAB. The set of the ten coupled differentiedjuations stated below

satisfy Eq. (3.1). These differential equationsgven as follows]]:

From Eg. (3.1), the' 4", 39 2" and f'diffracted orders are given by]f

%_ s _j_@(.’:[ mc B -
pr Jz w4 0

dys —J; @E[ Pinc, Lo Qflﬁ
—= _.-: e IPE w.:r

df 2 2
dary - ;pes e i, g ez @E[ﬂ:
aE —j= ;€ Y, — /3 1}5’4 — 3.2
dar, a —jji_f?-f[ii—mﬂ] @ qug[ﬂ:
I P 5 Yi—jTe U

P, .a -, QE[;;“': 1] i@ o)z Qﬂﬂﬂ —
iz J ;€ By — /3 1}!’2

While, the zeroth diffracted order is given [dy.

EJ‘IC
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While, the -1, -2, -3, -4 diffracted orders areagivby [1]:

1. Pine Bing
dg_y  .a —J;Qf_,j_ .:r j r:;'cf —1]
bt 2o Ty, - oy,
d-ltl:]_z _JE I Q{ ES'E 3 '[I,J ﬂ'E_I%':?SE Eﬁ@;’;ﬁ 3]‘[1{)
= =5 3~ 3 =
dﬁ'—l-'—g _‘E _-r Q{ ES'E '[I,J ﬂejic?‘{ﬁé?;ﬁ J]w
= =5 s~ 3 .
1 _»:Bing

dufr ca jIE[——=-7]

== e 2 Pg
dg .;2 —3

3.3 Numerical Results

In this section, the numerical results for the msigy of the diffracted orders

(ten orders) where -4<m<5 versus peak phase dehay been calculated using

computer program written with MATLAB simulation ngj partial differential

equation to solve Eg. (3.1). In this research hbagen used three different

materials, which are Glass, Germanium, and Telo+iDxide.

Tables (3.1), (3.2) and (3.3) demonstrating theperies of the above these

materials.
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Table (3.1) represents the properties of tlessSsmateriald0

Table (3.1): properties of the Glass material [30]

1- Operating wavelength 440-633 nm
2- Acoustic velocity 3509 m/s

3- Active aperture 1.7 mm

4- Center frequency 40 MHz

5- Input impedance 5Q

6- Radio frequency band width (RF) 20 MHz

7- Bragg angle

2.5 mrad at 442 nm
3 mrad at 515 nm
3.6 mrad at 633 nm

8- Diffraction efficiency

90 %

while, table (3.2) represents the propertieGefmanium material30]

Table (3.2): Properties of the Germanium material 0]

1- Operating wavelength 10u6n

2- Acoustic velocity 5500 m/s
3- Active aperture 3 mm

4- Center frequency 40MHz
5- Input impedance 5Q

6- RF band width 16 MHz
7- Bragg angle 38.5 mrad
8- Diffraction efficiency >80 %

while, table (3.3) represents the properties ofufeim-Oxide material30]
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Table (3.3): Properties of the Tellurium-Oxide mateial [30]

1- Operating wavelength 532 nm
2- Acoustic velocity 650 m/s

3- Active aperture 2 mm

4- Center frequency 80 MHz
5- Input impedance 50

6- RF band width 40 MHz

7- Bragg angle 0.028mrad
8- Diffraction efficiency 85 %

The interaction lengths “D” for each material ankkiK-Cook parameter “Q”

are calculated using Eq. (1.6) are shown in tahié) (

Table (3.4): The values of interaction length “D"and Klein-Cook parameter
“Q” for the Glass, Germanium, and Tellurium-Oxide crystals

Glass Crystal Germanium Crystal Tellurium-Oxide STay

D - meter Q D - meter Q D - meter Q
0.04 9.62 0.04 0.89 0.04 22.7
0.05 12.0 0.05 1.11 0.05 28.3
0.06 14.4 0.06 1.34 0.06 34.0
0.07 16.8 0.07 1.56 0.07 39.7
0.08 19.2 0.08 1.78 0.08 45.4
0.09 21.6 0.09 2.0 0.09 51.0
0.1 24.0 0.1 2.23 0.1 56.7
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Figure (3.1) shows the relation betw&tn-cook parameter with interaction

lengths for the Glass, Germanium and Tellurium-®xadystals.
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Figure (3.1): Klein-Cook parameter versusraction length for Glass,

Germanium and Tellurium-Oxide crystals.

Figures (3.2), (3.3), and (3.4) shows the numeriesults for the normalized
intensity ‘y”, for the diffracted orders “m”; m = -1, 0, 1 weIs peak phase
delay ‘a”, for Glass material, in case of D=0.05: Q=12, 350m: Q=16.8, and
D=0.1 m: Q=24, respectively.
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Chapter Three
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Figure (3.2): Normalized intensity of the diffracted orders versus peak phase delay for

D=0.05m, Q=12 of (lass crystal
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Figure (3.3): Normalized mtensity of the diffracted orders versus peak phase delayfor

16.8 of the Glass crystal

D=0.07m, Q
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Figure (3.4): Normalized intensity of the diffracted orders versus peak phase delay for
D=0.1m, Q=24 of Glass crystal

From the above figures one can see that the valu€sare greater than 1,
and for this situation the state is callBchgg regime. From the above results,
we can see that the intensity exchanges are higheero and first orders than

for (-1) order. Also, the intensity decreases vitie increasing the interaction

length.

Figures (3.5), (3.6), (3.7), and (3.8) shows theneucal results for the
normalized intensity\J”, for the diffracted orders “m”; m=-5, -2, -1, @, 2, 5
versus peak phase delay” for Germanium material, in case of D=0.04 m:
Q=0.89, D=0.05 m: Q=1.11, D=0.07 m: Q=1.56, and D=@n: Q=2.23,

respectively.
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From the figure (3.5) one can see that the valu® of less than 1, which is
called ideaRaman-Nath regime. While figures (3.6), (3.7) and (3.8) shainest
the values of Q are little greater than 1, thigagion is called non-ide&aman-
Nath regime. Moreover, we see that the exchanges ofsitteare higher for
zero and first orders. Furthermore, the first odksreases with increasing the Q

parameter.

Figures (3.9), (3.10) and (3.11) shows the nigakresults for the normalized
intensity ‘y” for the diffracted orders “m”; m= -1, 0 1 verspsak phase delay
“a”, for Tellurium-Oxide material in case of D=0.05:@¥28.3, D=0.07 m:
Q=39.7, and D=0.1 m: Q=56.7, respectively.
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From the above figures show that the values of &gaeater than 1, that is
called Bragg regime. The comparison between these materials slioat the
values of Q for Tellurium-Oxide are greater thae tBlass and Germanium
materials. Therefore, the (-1) orders disappedhénTellurium-Oxide material.
While for Glass material the (-1) orders show ditthppearance. The phase
difference between first and zero orders was’ 18 ellurium-Oxide material
and Glass materials. Moreover, the intensity ofradted orders decreases with

the increasing of Q .

3.4 Conclusions

The results for the Glass material and TellwrOxide material shows that
the periodic exchange of intensity between the twain diffracted orders,
which are zero and first, becomes smaller withitleeeasing the Q parameter.
This indicates that the higher orders disappedh@se materials because these
above materials operates Bragg regime and must be have values of Q are
greater than 1 While, the results for Germaniumeniat shows that the peak
intensity exchange for the zero diffracted ordemisfa quickly and coincidence
with the higher diffracted orders. From the aboesuits we notice that the
Tellurium-Oxide material was the best material maten Glass and
Germanium materials because it has large valu€3. dfloreover, -1 diffracted
order may disappear, so that it satisfies the ¢mmdof Bragg regime more than

other materials.
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CHAPTER TWO

Theory of Acousto-Optics

2.1 Theoretical Approach

Brillouin in 1922 predicted the diffraction of thaght beam by ultrasonic

waves which is calleécousto optic‘AO”. The effect of acousto-optic can be
described as follows: An ultrasonic wave propaggatimmough a solid or liquid
locally causes compression and rarefaction of tleeliom. This compression
and rarefaction of the medium is known gshato elastic effecand this effect

changes the refractive index of the medid3].[

2.2 General Formalism of Acousto-Optic Effect

The interaction between the electric fiek}$R,t) and sound field&(R,t) can
be described by Maxwell equations. It is typicalssumed that the interaction
takes place in an optically inhomogeneous, nonmagnsotropic medium
characterized by permeability,” and a permittivity€(R,t). The time-varying
permittivity is given by 1J:

€y = €+ €/(R,t) 2.1

wheree/ (R, t) = e b S(R,t) i.e. it is proportional to the sound field amplieud
S(R,t), with “b” the proportionality constant of the mat, € is the
permittivity of crystals. Hence; notice that (R, t) represents the action in

permittivity of the sound field. We will assume timeident light fieldE;(R,t)

satisfies Maxwell equations, with charge densipy and current density J*
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equal zero. When the sound field interacts vith(R,t) the total light fields

E(R,t) andH(R,t) in the acoustic medium should also satisfy Melkwquations

is given by []:
VXE(R, 1) = —j1o =3 22 2.2
VxH(R,t) = - [e(R, DE(R, t)] 23
V.[e(R, 6)E(R, )] =0 2.4
V.H(R,t) = 0 25

WhereE(R,t) is the electric field anH (R,t) is the magnetic field.

Taking the curl of Eq. (2.2) and introducingnito Eq. (2.3), the equation f&(R,t)
becomes :

VXVXE(R, 1) = Vx — 1, o2 = —, 2 VxH(R, 1) 2.6
Jd .0
=Ho 5. (5, €(R,E(R, 1)) 2.7
2
VxVxE(R, t) = V(V.E) — V2E = —uo% [e(R, DE(R, t)] 2.8
Now, from Eq.( 2.4), we have:
V.ecE =eV.E+ E.Ve =0 2.9
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Assuming a two-dimensional (x-z) sound field wiEhpolarized along the y-
direction, i.e, E(r,t) = E(r,t)y we can readily show th&t.Ve(R,t) =0. Hence

equation (2.9) reduces to:
2
VZE(R,t) =ty [e(R, DE(R, t)] 2.10

whereR is the position vector at x-z plane. in re-writitige term on the right
hand side of Eq.(2.10) we géi|

OE Oe 0%E

Ho [EE-FZEE-F 6t2 2.11

Neglecting the first and second terms from(E41), because, the sound
frequency is much lower than the light frequency. the time variation of the
€(R, t) is much slower than that (R, t) using Eq.(2.1) and Eq.(2.10) to get

92E(Rt)
otz

0%E(R,t)
ot?

2.12

VZE(R,t) — py€ -€/(R,t)

Equation (2.12) is the wave equation that is ofisad to investigate strong
interaction in AO. We can re-write Eq. (2.12) usiBmite Difference Time-
Domain FDTD by the formZ1]:

2 2 2
0’E(x) | 0°E@D) _ p  MERD _ A2 E(R t)

ot2 ot2 0 At2

e/(R,1)

2.13

Equation (2.13) can be written in other form ag[21
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E)it1j=2Ex0) ijtE(xp) i-1, n Ezni+1j=2E@nijtE@pni-1j
h? h?

€ [E(x,t)i+1,j_2E(x,t) ijTE ) i-1j n E0)it1,=2Ez 1) i,j+E(z,t)i—1,j] _
0 At? At?

Etiv1,j—2E(xp)ijtEx e i-1) n Ee)iv1j=2E@e) ijtE@ze i-1

‘uoeér't)[ At2 At2 ] =0 214

2.3 Braqgg Diffraction

Bragg diffraction is characterized by the gatien of two scattered orders.
In terms of Klien-Cook parameter Q should be faager than one for operation
in the Bragg regime. The zeroth order can only towptical power into the
plus or minus first order, i.e., there is phasecmat between the zeroth and
plus or minus first order. Laser beam light ca@tttansferred into the second or
higher orders because there is no phase matchitwge®e these orderdd].
Another point that should be said about Bragg ddffion is that the interaction
length, D, should be made large. All of the incidieser beam light is diffracted
into a single order and satisfies this conditidbr [

2
A pst 25
A D A

We have the following coupled equations déseg the down-shifted

interaction []:

Wo _ _ ;@
=, = ]21/)_1 2.16
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And

dl/J_l _ _E
o jzl/JO 2.17

Similarly, the below two coupled equations desaitiee up-shifted interaction.

Ao _ _ ;&
., = ]21,01 2.18
Wy _ _ ;2
-, = ]21/)0 2.19

wherey is the intensity of the diffracted orders, j i® ttomplex number, and

Is the peak phase delay.

The diagram of Bragg diffraction can be represeateth Fig. (2.1)17].

L

Y
einc /
2Binc

Piezoelectric
transducer

Acoustic wave
form

Figure (2.1): Bragg diffraction 17].

21



Chapter Two Theory of Acousto optic

2.4 Raman-Nath Diffraction

Raman-Nath diffraction is characterized by the d$iameous generation of
many scattered orders. Raman-Nath diffraction & atharacterized by the
operation of the AO cell with the angle of the ot laser light beam nearly
equal to zero and choosing the Klein-Cook param@teéo be much less than
one [13]. This condition ensures that the interaction tenti.” must be short
enough and satisfies this conditid7];

A A A?
S KT LK 2.20
dy « —jiq¢line a J; Qf@‘"c

For perpendicular incidencé;{.= 0), which is the first case treated
historically,

dym
W = S et + Ymrn) 2.22

Now, recall the recurrence relation for Bessel fioms,

U = 2 s (60) = Jyna ()] 2.23

Then, writingy,,,=(-j)™ B, whereB= J,,, (af), we recognize, withp,, = ¥;... {mo
at(=0 that the amplitude of the various scatteredmsraegiven by IJ:
22
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Um = (=)D)"Yinc Jm(af) 2.24

Equation (2.24) represents Raman-Nath solution.

The diagram of Raman-Nath diffraction can be showig. (2.2) [L7].

L

Acoustic
waveform

Figure (2.2): Raman-Nath diffractiotq].

2.5 characteristics of The Diffracted Light

There are two types of light interaction witlatter these are2):

| Isotropic Interaction

An isotropic interaction is also referred toaalongitudinal-mode interaction.
In such a situation, the acoustic wave travels itodgally in the crystal, the
incident and diffracted light beams have the saefeactive index. This is a

situation of great symmetry and the angle of inca#eis found to match the
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angle of diffraction. There is no change in polatian associated with the
interaction. These interactions usually ocaurhomogenous crystals. In the
isotropic situation, the angle of light incidenceishbe equal to the Bragg angle
[22], i.e.

_Af
T 2w

5 2.25

whereia= %" f is the frequency of incident light, amds the velocity of incident

light.

The diagram of isotropic case is shown in Fig3Y22].

Figure (2.3): tlsetropic caseZ].

27Tn;

wherek;,= 7

2Tng

is the wave vector of the incident bedm= - is the wave
d

o

vector of diffracted beam, andE= ZT"f

n; andng are unit vectors in the incidence and diffractaeation respectively.
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Il Anisotropic interaction

On the other hand, in an anisotropic interactitwe, refractive index of the
incident and diffracted beams will be different disechange in polarization
associated with the interaction. The same asymmaethych causes the
difference in refractive indices also causes theustic wave to travel in a
“shear-mode” Anisotropic interaction generally oféa increase in efficiency of
the acousto-optic waves. The acoustic and optiaatividths are used in large

aperture devices2p]. The diagram of anisotropic case is shown in E&4)
[22].

Kit

=~V

Figure (2.4): swiropic case?]

2.6 Acousto-Optic M odulation

Acousto-optic “AO” or elastic-optic effects are dséo show that the
refractive index of a medium is being changed eithyea mechanically applied

strain or by ultrasonic waves. Acousto-Optic Modotd’AOM” consists of a
25
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medium whose refractive index undergoes a sinuseatation in the presence
of an externally applied ultrasonic signal. There amany materials such as
water, quartz, and lithium-niobate that exhibit mfp@s in the refractive index
once they are subjected to strain. The variatioth@acoustic wave velocity is
negligible; therefore, it could be possible to a&ssuthat the variation of
refractive index in the medium is stationary, asdas, the optical wave front is
concerned. A narrow beam of incident light on thedram is scattered into
primary diffraction orders. Higher diffraction omdehave negligible intensities
associated with them. The zero-order has the saegidncy as the incident
beam, while the frequencies of “+1” and “-1" ordewsdergo frequency
modulation R3].

In order to appreciate the basics of AO effeat can consider the collisions of
photons and phonons. Light consists of photons #rat characterized by their
momentumhk, andhk,, respectively, whereand k are the wave vectors of photons
and phonons, respectively. Photon and phonon ei@ie given by hfand hi,
respectively, where,find f are the frequencies of photon and phonon, reyedgti
The condition for the conservation of momentum wiagplied to this collision is
given by following equation23]

ki cosO = kjcos@’ 2.26
and

k, =k, sinf + k;sin6’ 2.27
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where 6 is the angle of incident photon, ard is the angle of scattered

photon,f’ Can be evaluated b23]

o' = tan‘l[:—“ secO — tan @] 2.28

1

Fig.(2.5) shows the schematic diagram of photomphocollision resulting in

the annihilation of a phono23].

Incident photon
Scattered photon

Incident phonon

Figure (2.5): photon-phonon collision resultinge annihilation of a phono23]

In isotropic mediun® = 6'and k; = k; .

At this particular, angle of incidence referr®e the Bragg angle, photon
momentum is conserved and the diffraction efficiereaches a maximum. It is
important to realize that the acousto-optical effesc produced by multiple

collisions of photons and phonons. The conditiandanservation of energy is
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only approximately valid in photon-phonon collisiddowever, in practice, the

frequency of the scattered photfn fa/ ,since f; < f, -

In anisotropic materialg&; approachesk,, where r is the ratio of the
refractive indices corresponding to the diffracteshd incident waves,
respectively. Equations (2.26) and (2.27) can bdified to give P3].

— win—1rKa Kin2pq4 .2
0 = sin [2k1 {1+ (ka) 1-r )}] 2.29
and
I — winm—11_Ka kiy2 2
0" = sin ;- {1 - (k—a) 1 -r)}] 2.30

Notice thatd = 8’ only whenr = 1, because it is not possible to have

r= (%) —1 whenk, < k; . The phenomenof = 6’ is associated only with

1

the Bragg angle of incidence and the conditien 1. This means, there are two
values of"k," and"k;" that satisfy the condition of momentum conservatio
Note that in anisotropic media, the momentum coratiem is satisfied over a
wider rang of acoustic frequencies or incident tligggam than in isotropic
materials. Note that, the power in the scatteesthbvaries witl® and reaches
a maximum wher9 is equal to the Bragg angle. In Raman-Nath regitine,

coustic-optic grating can be treated as a sim@érgy. Such that3]:

mA = A,siné,, 2.31
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By comparison, in the Bragg regime the acoustld acts very much like a

“thick” diffraction grating requiring that3]:
_ ! — oip—-1mA
0 =0 =sin (Z)Ia) 2.32

A Bragg cell can be used to switch light bedinections by turning on and
off the acoustic source. The intensity of the difted light depends on the
amplitude of the acoustic wave. Therefore, an aombd modulation of the

acoustic wave will produce amplitude-modulatedtlighams.

When compared with an electro-optic modulat&OM” that consumes
voltage on the order of 3&. An AOM requires only a couple of volts. But the

propagation of the acoustic wave is slow in the inmad23].

2.7 Acousto-Optic Devices (AOD)

An AOM is a device which can be used for contrgjlihe power, frequency
or spatial direction of a laser beam with an eleatrdrive signal. It is based on
the AO effect, i.e. the modification of the refiget index by the oscillating
mechanical pressure of a sound wave. AOM sometoaksd Bragg cell. The
scattered beam has slightly modified optical fregpyeand a slightly different
direction. Because the wave number of the sounerg small compared with
that of the light beam there are three kinds oftA€se areZ4]:

| _Acousto-Optic Modulator(AOM)

The Acousto-Optic Modulator is based on the elagtiie effect, in which a
material strain causes a change in the refractidax of the material. When the
strain is generated by an acoustic compressionamfaction, an AOM s
formed. Because the acoustic signal is sinuso@ahoving refractive index

29



Chapter Two Theory of Acousto optic

grating is formed in the device. Like a permanematigg, the various
wavelengths are spatially diffracted and separdtech each other. With an
output coupler placed at the appropriate diffractiarder location, tunable
filtering and switching can be achieveb].

lI__Acousto-Optic Filter(AOF)

The principle behind the operation of AO filtersbigsed on the wave length
of the diffracted light being dependent on the aticUrequency. By tuning the
frequency of the acoustic wave, the desired wangtleof the optical wave can
be diffracted acousto-optically. There are twoetypf the AO filters, the

collinear and non-collinear filter25%]

[l Acousto-Optic DeflectorgAOD)

An AO deflector spatially controls the opticsdam. In the operation of an
AOD the power driving the acoustic transducer atoastant level, while the
acoustic frequency is varied to deflect the beanditi@rent angular positions.
AQODs are essentially the same as AOMs, In an AOM tre amplitude of the
sound wave is modulated, while in the AOD both dneplitude and frequency

are a adjustedp].

2.8 M ultichannel Acousto-Optic M odulators (MAOM)

The AOM involve a single transparent crystal “LéOperated in the slow
shear mode. At one end of the crystal is an ulimastbansducer, which converts
the electrical signal to an acoustic wave thaausmthed down the crystal. As the

propagation of the acoustic wave, the regions ef ¢lastic shear present a
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modulated the refractive index to the optical betrat passes perpendicularly

to the acoustic wave.

The optical beam, thus, emerges from the drystth a relative phase
difference across its width which is proportiormathte amplitude of the acoustic

wave along the length of the crysta6].

The multichannel of acousto-optic modulator castewn in Fig. (2.6)26].

4¢——— Ultrasonic wave

propagation
Teq crystal 4— _
Electrical
signal input
<
 m

Transducer

Figure (2.6): The multichannel Acousto-Optic Modalq26]

2.9 Modern Application of Acousto-Optic Effect

There are several applications of the AO effectthis study we will consider

the following [1]:
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2.9.1 Intensity Modulation of a Laser Beam

This application represents the popular applicat@mman acousto-optic Bragg
cell. By changing the amplitude of the sound, theough peak phase delay’
can achieve intensity modulation of the diffrackheédm. In fact, it has the ability

to modulate laser ligh®[]

The diagram of the zeroth and first orders intgngitfraction curves plotted as

a function ofa are shown in Fig. (2.727].

I(t) Intensity Modulated output A Region !

1,=Sin* (a/2)

' lo=Cos’ (a/2)

v

Figure (2.7) The zeroth and first order intensifjraction

curves plotted as a function @{27]
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These curves illusttas the relationship between the modulating sigmna(t)”
andthe intensity modulated output signal “l , where m (t) is biased along t
linear portion of the first order diffraction curv&he intensity modulation ce
be obtained bywsing the zeroth diffracted order. However, the tlifracted
orders process farmation in the linear regions with opposite slep&hat is
lead to any demodulated electrical signal recelwedhe firstdiffracted will be
180 degree out of phase with the electrical sigeaeived by the zero
diffracted order 27].

The experimental setup for “A-demodulation” is shown in Fig. (2 [27].

Qagciliscone

LI~A E
N7 F 174\ _ NLAa Nl
N = - _i inij ﬁ i wiid
2 S | [
.\ il SERE
I N 17 B
[ Y AN —
S~/ TN N [=]p}
x N =
/ N
/ N\
/ N\
/ N
/ N\,
/ AN
/ N\,
/ N\,
AM Modulator PDo

-

Mt)

Figure (2.8) A experimental setup f*AM- demodulation [27]
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where AM is the amplitude modulation, the atple of the modulating

signal is given byZ7].
[b + m(t)]cos (t) 2.33

Where “b” is a constant and is the center frequency of the acoustic

transducer.

The output of the two photo detectorsRind PDQ of the audio and electrical
signals are shown in Fig. (2.97]).

()

(a)triangular (b) Audio

Figure (2.9): (a) the output of the two photo d&iesPD, andPD4,(b) the two 180
degree out of phase detected electrical sigi2dls [

2.9.2 Light Beam Deflector and Spectrum Analyzer

The amplitude of the modulating signal is gdrtherefore; the frequency of

the modulating signal is changed for applicatianéight deflection. The angle

34



Chapter Two Theory of Acousto optic

between the first order beam and the zeroth ordambis called the deflection

angle ‘9,” and is given by 1]:

Ao
21V

Af) 2.34

AQy = A(20p =
whereA@, is the change in the deflection andl®, is the change of the sound

frequency, and/; is the sound velocity.

The diagram of light beam deflector where the atmwptic modulator

operates in the Bragg regime is shown in Fig. (2[1]0

Incident laser

‘ \ 2nV,

]y

Q+AQ

Figure (2.10): a light beam deflector where the AOM

operates in the Bragg reging |

Instead of a single frequency input, the sowadl can be addressed

simultaneously by a spectrum of frequencies. Thaggrcell scatters light
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beams into angles controlled by the spectrum olistio frequencies as each
frequency generates a beam at a specific diffraatefde. Because the acoustic
spectrum is identical to the frequency spectrunthef electrical signal, the

device essentially acts asspéctrum analyzer{1].
2.9.3 Demodulation of Frequency Modulated “FM” Sigals

In this section, we discuss how to make usth® Bragg cells frequency-
selecting capability to demodulate frequency maoguldFM” signal. Thei-th
FM station is beamed, in a direction relative te thcident beam is given by
[28].

_ AR

Dai = Jor 2.35

where@,; is the deflection angle atth FM station, andl,; is the spectrum of

carrier frequencyi=1, 2...

The Principle of the FM demodulation is tlta actual instantaneous angle
of deflection deviates slightly from Equation (238ue to the inclusion
of A, (t), that causes a “Wobbl&@,;(t) in the deflected beam. In particular,
AQ 4 (t) is given by PS]

Ao
21V

AB4;(6) = (22) A (1) 2.36
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