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ABSTRACT

THEORETICAL AND EXPERIMENTAL STUDIES OF
SECOND ORDER BRAGG DIFFRACTION OF AN
ACOUSTO-OPTIC INTERACTION

By

Bing-Chuan Hsu

Bragg diffraction of an acousto-optic interaction could be used to modulate light or
to obtain information about a number of characteristics of an acoustic wave. In this thesis,
the theoretical and experimental studies are focused on the second order Bragg diffraction.
A partial wave approach is used to investigate the acousto-optic interaction of the Bragg

diffraction.

The numerical simulations which provide a better understanding of the interaction of
Bragg diffraction were carried out for various acoustic frequencies, acoustic pressures, and
incident angle of the light beam. The criteria of the optimum system parameter sets which
provide a maximum second order Bragg diffraction were established. In addition, experi-
ments were designed and performed to verify the theory developed. These experiments

include the intensity distribution of the diffraction mode with various acoustic amplitudes,



acoustic frequencies, and incident angles of the light. The experimental results agreed

well with the theory developed.

Furthermore, acoustic Bragg imaging using first and second order modes were
obtained. The image resolution of the first and second order modes were compared, and
the images with various acoustic frequencies were analyzed. The image results indicate
that the second order Bragg image provides better image resolution than that of the first
order mode. It is also observed that the Bragg image resolution is directly proportional to
the acoustic frequency and acoustic beam width. The results of this investigation could be
applied to areas of nondestructive evaluation of materials as well as in noninvasive clinical

diagnostics.
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Chapter 1

Introduction

1.1 Introduction

The interaction of light and acoustic waves gives rise to light diffraction patterns
whose intensity distribution in the various orders can be used to obtain information about
a number of characteristics of the acoustic wave. The interaction displays different char-
acteristics depending on the width of the interaction region, the light and acoustic wave-
lengths, and the amplitude of the acoustic wave. Roughly speaking, if the width and
amplitude of the acoustic beam are sufficiently small, and the operating frequency is low,
the diffraction phenomenon was explained by Raman and Nath and frequently referred to
as Raman-Nath diffraction. Conversely, Bragg diffraction is observed if the width, fre-

quency, and amplitude of the acoustic beam are sufficiently large.

In this thesis, effort has been focused in investigating the Bragg diffraction. The
analysis of Bragg diffraction closely parallels the earlier treatment by Klein and Cook but
is extended to the second order Bragg diffraction which includes a greater number of
experimental conditions. Moreover, the procedure described in this thesis leads directly to
equations which can be solved numerically. The interaction of light and acoustic waves is
analyzed for various experimental conditions. The optical wave equation is solved by

resolving the light traveling through the acoustic beam into a system of plane waves



whose amplitudes are described by a set of difference-differential equations. These equa-
tions provide a large extent of physical insight into the nature of light diffraction by acous-

tic waves even though analytic solutions are obtained for several special cases.

Numerical results are obtained by converting the set of difference-differential equa-
tions into a set of difference equations which can be solved by computer simulation. For
analyzing the acousto-optic system in various experimental conditions, it will be shown
that the solution of these difference-differential equations can depend only on a small
number of dimensionless combinations of experimental parameters. Since the actual
choice of these parameters is somewhat arbitrary, the equations are written in terms of
parameters corresponding most directly with typical experimental variables. It will be
shown that the intensities of the second order Bragg diffraction can be greatly enhanced if
certain system parameter sets are chosen, and that the second order Bragg diffraction gives

a finer angular resolution than the first order interaction.

The criteria of the Bragg diffraction and optimum second order Bragg diffraction
are also investigated. The results show that even if the criteria for the Bragg diffraction
are met, the mode intensities in the second order are still comparatively weak. Therefore,
the requirement for optimum second order Bragg diffraction becomes a critical issue. In
addition, the criteria indicate that the second order Bragg diffraction requires only half the
acoustic frequency of the first order to provide the same degree of sharpness of diffraction
(i.e. light intensity versus incident angle) with first order. This makes the second order

Bragg diffraction much more feasible in practical acousto-optic systems.

The acoustic waves can modulate the amplitude and phase of a coherent light beam.
Furthermore, it can deflect, focus, and even shift the frequency of the light beam. As a
result, the light beam can reconstruct an acoustic imaging or provide detailed information
on the thermal vibration in solids and liquids. Diffraction of light waves by acoustic

waves takes several different forms, depending on their wavelengths and the dimensions



of the interaction region. In the industry, acousto-optic modulation has been widely used
in laser ranging, optical signal-processing systems, optical communication, high-speed
optical deflectors, acoustic traveling-wave lens devices, Q switching, amplitude and fre-
quency modulation, and mode-locking. Acousto-optic modulators can in general be used
for similar applications to electro-optic modulators, though they are not so fast as electro-
optic modulators. On the other hand, because the electro-optic effect usually requires
voltages in the kilovolt range, the drive circuitry for modulators based on this effect is
much more expensive than for acousto-optic modulators, which operate at low voltages.
The advantage by using the second order Bragg diffraction in acousto-optic system is that
this system provides not only larger deflection angle and frequency shift in light beam, but
high efficiency and double resolution in beam deflector and imaging reconstruction. In
recent years, acoustical imaging has been widely applied in the areas of clinical diagnos-
tics and non-destruction evaluation of materials. One major drawback of this type of
imaging system is that it requires either a mechanical or electronic scanning mechanism.
Such a system involves complex design and hardware implementation. As a result, the
system becomes very bulky and costly. Acousto-optical imaging could add some attrac-
tive features to the conventional acoustic imaging techniques. In view of the Bragg dif-
fraction, we see that there is a possibility of providing a real-time imaging system without
using a mechanical or electronic array scanner. In addition, high power solid-state laser
sources have become available in recent years due to the advancement of laser technology.
By using such diodes as laser beam sources, the proposed method of acousto-optical inter-
action could lead to a way of providing the possibility of low-cost, portable and real-time

imaging system.



1.2 Qutline of the Thesis

Chapter 2 provides theoretical background to the interaction of the light and acoustic
wave. The problem of light diffraction by an acoustic field will be treated by solving the
optical wave equation which resolves the light into a system of plane waves. The ampli-
tudes of these waves passing through the acoustic field are given by a set of difference-dif-
ferential equations. The analytic solutions of the difference-differential equation are
found for cases when the frequencies of the acoustic wave is either low or very high. The
reason is that for low frequencies the acoustic wave produces an optical phase grating
effect, and at high frequencies light diffraction occurs when the light is incident on the
acoustic waves at angles associated with Bragg diffraction. With a double incident Bragg
angle between the light and acoustic wave, a closed-form expression of the second order
Bragg diffraction is derived by applying the Laplace transform technique to the difference
equations. Several experimental parameters which lead to a deeper understanding of the
Bragg diffraction are defined, and those parameters correspond most directly to the practi-

cal experimental variables.

The numerical analysis in acousto-optic system is carried out in chapter 3. Before
the experimental setup are designed to verify the theory developed, numerical simulation
can readily be implemented to see the mode amplitude variations for a given set of system
parameters (Q, V, o). The advance analysis for the second order Bragg diffraction is ana-
lyzed in details. After going through the general analysis of acousto-optic interaction, it
appears that we can adjust the system parameters to obtain a significant strength of the
second order Bragg diffraction. Furthermore, it appears that the second order Bragg dif-

fraction provides a sharper resolution than the first order.

Chapter 4 studies the criteria for Bragg diffraction effects in the acousto-optic sys-

tem. In this chapter, two types of criteria are discussed. One criterion analyzes the mini-



mum requirement for satisfying the Bragg diffraction. Another criterion relates to the
conditions for maximum second order Bragg diffraction. The result indicates that Bragg
diffraction is to be associated not only with high acoustic frequency F (unit in MHz) but

also with wide widths L of the acoustic beam. More precisely, it depends strongly on the
values of “LF? . The sharpness of the Bragg diffraction will increase with increasing the

LF? values. However, in order to maximize the second order Bragg diffraction other sys-
tem parameters such as acoustic pressure, dielectric constant of the medium, temperature,
... etc. have to be considered as well. Trade off among parameters have to be made for

optimum operation.

In chapter 5, the experimental system setup and the measurement procedures are
described. The experimental results for verifying the Bragg diffraction are presented. The
experimental verifications include the intensity distribution of the diffraction mode with
various acoustic amplitude, acoustic frequency and incident angle of the light beam. The
results show that when the incident angle equals to twice of the Bragg angle, the second
order diffraction can be driven to its peak intensity under a certain system parameter sets.
Comparing the angular sensitivity of the diffraction modes, the second order diffraction
provides a sharper angular resolution than first order mode. In general, the experimental

results agreed with the theory quantitatively.

An acoustic imaging application by using Bragg diffraction has been mentioned in
chapter 6. A brief description of Bragg imaging theory will be given here. The imaging
system setup and the measurement procedures will be described in detail. Imaging resolu-
tion using different acoustic frequencies and beam width will be examined. The experi-
mental result shows that the final Bragg image resolution is directly proportional to the
acoustic frequency. In addition, the imaging resolution for the first and second order are
compared, and the result indicates that the second Bragg diffraction imaging provides a

sharper image resolution than the first order. This could be very useful in medical diag-



nostic applications. Since biological materials have higher attenuation for higher acoustic
frequency, there will be a trade off between depth of penetration and image resolution.
However, from the results of this research we noticed that one can preserve image quantity

by using second order diffraction.



Chapter 2

THEORY OF LIGHT DIFFRACTION BY
SOUND WAVES

2.1 Introduction

In this chapter, a very brief historical survey of the field of light diffraction by sound
waves will be given. Then, the acousto-optical interaction will be analyzed by the partial
wave approach. The second order Bragg diffraction will be derived in detail and solved
for the special case that the incident angle of the light approaches two times of the Bragg
angle. Several experimental parameters which lead to a deeper understanding of the
Bragg diffraction are defined, and those parameters correspond most directly to the practi-

cal experimental variables.

2.2 Review of Light Diffraction by Sound Wave

Diffraction of light by high-frequency sound waves, often called Brillouin Scatter-
ing,m was first observed by Debye and Sears!? in the United States and by Lucas and

Biquardm in France. Brillouin’s original theory“] predicted a phenomenon closely analo-
gous to X-ray diffraction in crystals: plane waves of light striking the acoustically induced

planes of compression and rarefaction at a certain critical angle would be partially

7



8

reflected. There would be only one critical angle(i.e. Bragg angle), since the spatial struc-
ture of acoustically induced density variations is essentially sinusoidal and hence contains
no space harmonic components. Brillouin predicted that the reflected light would be Dop-
pler shifted by an amount equal to the sound frequency because the reflecting layers them-

selves move with sound velocity.

A fundamental theory for light distribution in the diffraction orders was first pro-

posed by Raman and Nath!4-(), They assumed that the sound column would act essen-
tially as a two-dimensional phase grating which was not too thick in the direction of light
propagation. Their theory correctly predicted the Bessel function dependence of the inten-

sity of the various orders as a function of sound pressure when the light beam is perpen-
dicular to the sound column. For the case of oblique incidence, it was treated later®). The

frequency change in the diffracted light was also invcstigated[6]. Nextl’}, they departed
from the simple phase grating model and formulated a wave equation of the incident light
in the acoustically perturbed medium. Then they went on to obtain an infinite set of cou-
pled differential equations which described the spatial behavior of the various modes tra-

versing the sound beam. Finally, they extended their theory to arbitral angles of incidence

of the light!8],

Although the fundamental theory of the acousto-optics diffraction was derived by

Raman and Nath, the results of that theory are not in a form which can provide a easy way

for the numerical evaluation of experimental situations. In 1969, Klien and Cook(10111]
developed an unified approach for acousto-optical diffraction. In their papers, they
extended to include a greater number of experimental conditions in the infinite set of dif-

ferential equations, and those equations can be solved numerically. The results by using

those equations confirmed with those given by Parisean.!!2l13] However, their discussion

was restricted to only first order Bragg diffraction with different acoustic wave frequen-



[14}-(17] who discussed the first-order

cies at various incidence angles. There were others
Bragg diffraction from alternate approaches and applications but the second order Bragg

diffraction has been generally ignored.

In 1981, Poon and Korpcl“sl give a brief discussion on the efficiency of second

order Bragg diffraction. A similar result has been given by Alferness!!®! in the study of
holograms. These results described the interaction when the incident angle is precisely at
twice the Bragg angle. The physical setups for these two separate investigations are quite
different in nature. Consequently, there were some discrepancies from their analyses. In
this research, partial wave approach is used to analyze the acousto-optical interaction.
The condition of the interaction in terms of system parameters such as incident angle,

acoustic and laser frequencies, and the size of the interaction region are investigated.

2.3 Theory of Light Diffraction by Sound Wave

The interaction between the acoustic wave and the light can be treated by resolving
the diffracted light into a series of plane waves. Consider a monochromatic light beam

incident at an angle 6 upon an acoustic beam of width L as shows in Fig. 2.1.

The electric field intensity E is being polarized along the y-direction. For simplicity,
let us assume the medium is non-magnetic, non-conducting and source free. The scattered

field is described by the following set of Maxwell’s equations.

V.D=p 2-1)
_ 0

VxE = —po-a—;n 2-2)
)

VxR = §D (2-3)

V-B = (2-4)
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Figure 2.1 Diagram of the acoustic diffraction grating.
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where D = €F Y’ and the permittivity € can be put in terms of the refraction index n as

_ 2
€ =nEg,.

For source free p =0, Eq. (2-1) becomes
2
V. (n eOEyJ =0
n’v. E,+ Vnl. E, =0 (2-5)

where Vn2 =2nVn = 5(2'1% (n is only function of x, see Fig. 2.1)

Since the electric field is uniform in the Y direction and Vn2 = 0 in Y direction, Eq. (2-5)

becomes V- E = 0. To obtain the scattered E field, we proceed to take curl of Eq. (2-2)

P)
VxVUxE = —uoé—thﬂ (2-6)
V(B -V = S ’g;n%oty] 2-7)
23 E aE aznz
V(V-B)-V2E = —pge | n 2 3- a: +E, ol (2-8)
L t

Since the radian frequency of acoustic wave is small compared with the radian frequency

of the light wave, the last two terms in Eq. (2-8) can be ignored. Then, Eq. (2-8) becomes

20 L‘

V(V-B)-V2E = —poeon —2- (2-9)
dat

Because V- E = 0, the optical wave equation which describes the propagation of

the electric field intensity can be written as
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2
VR (x,2,1) = [g] a_aEE (X, 2, 1) (2-10)
t

1

JHo€o '

where C =

2.3.1 Solution of the Optical Wave Equation

The acoustic field is assumed to be composed of plane waves. All frequency compo-
nents of the sound field are assumed to be measurable. Further, the medium is assumed to
be nondispersive and nonabsorbable so that the frequency components retain a constant
phase relationship and remain constant in magnitude. It is also assumed that the medium
is not birefringent, i.e. the refractive index distribution is independent of the polarization
of the incident light beam. For acoustic waves with arbitrary periodic waveform, the

refractive index in the region of the sound field (0 < z < L) can be expressed as

n(x,1) = ny+ Z n;sin [/ (@*1—k*x) +8j:|
j=1

where w* and k* are the radian frequency and wave number of the sound wave respec-
tively, n; is the amplitude of the jth Fourier component and Sj is its relative phase. The
coefficients n; are assumed to be directly proportional to the harmonic coefficients describ-
ing the density change and consequently may be considered to be directly proportional to

the various harmonic coefficients of the acoustic pressure. For the nz(x,t), we have
n2 (x, 1) = n2 +2n i n.sin [j (w*r—-k*x) + 8] + higher order terms
’ 0 0 j J
Jj=1

The quantity of the higher order terms can be neglected because compared to the

magnitude of the ny terms the perturbation of # is small. Then n? becomes
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2 2 N
n"(x,1) = ny+2n, Z n;sin [/ (*1—k*x) +8j:| (2-11)
j=1

In the region of the sound field the electric field intensity of the light beam can be

expressed as

i wr-nok-¥)

E=A(xz1t)e (2-12)

Since A(x,z,t) is a periodic function with the variable £'x, it can be expended into a com-

plex Fourier series as follows

A(X,Z,t) = 2 ¢m(z)elm(m ’—k X)

m = —oo

Then, the electric field intensity becomes

i(ma)*l—km-?)

E(rny = Y ¢ (2)e 2-13)
m = —oo

Where  } = nok 4 mk®

P = (xx+yy+1z3)
In the spatial coordinates, the phase term can be expanded as
k,- » = nokxsin® + nokzcos® + mk*x . (2-19)

The vectorial relationship between the propagation vectors is shown in Fig. 2.2.

From Fig. 2.2, we have

noksine—mk*
nOkcose = tan (B—ﬁm) . (2-15)

Since both 6 and B, are very small quantities Eq. (2-15) can be approximated as
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Figure 2.2 Orientation of the partial wave vector.
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(2-16)

=
3

!l
d

where B, relate to the directions of the wave vectors. These directions are measured with

respect to the direction of the incident light beam. Notice that Eq. (2-16) resembles the

usual grating equation. As a matter of fact, one can consider the acoustic wave function

(201 where the grating spacing is replaced by the

constitutes a sinusoidal amplitude grating
wavelength of the acoustic wave. Eq. (2-13) is thus equivalent to assuming that within the
acoustic field the light distribution can be expanded into a series of partial waves labeled
by m which propagate in directions described by the usual grating, Eq. (2-16), and which
have amplitudes labeled by ¢,. Our problem is to determine the values of the ¢, for var-

ious values of the experimental parameters. Since the electric field intensity E is a func-

tion of x, z, and ¢, Eq. (2-10) can then be reduced to

2 2 2
0E OE nl20 E
LOE _[n 2-17)
8x2 822 [C] ot

Substituting Eq. (2-13) into Eq. (2-17), we have

2 oo
d0E it . 2 i(mort-k, P
Sz Y —¢m(z)(n0k51n6+mk*) e
m = —oo
azE 0 i(mo*t -k, ») a2 i(ma*t-k, P
— =e z e —¢2 m (2) +2(=inpkcos0) e
0z m= —co 0z (2-18)

[ (mw*t -k, - P)
20,0 (2) - (ngkcos®) e " ¢m(z)]

Z

The LHS of Eq. (2-17) is then
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2 2 oo
si-k,-n|0 90,
d g 0 5,' 2 ez(mm ! ) 42) (2m0kcose)a
dz = —oo 0z (2-19)

2
—( ( noksin® + mk*) + (npkcos6) 2)¢m ]
In order to simplify the expression in the following development, let us define the function

fx, z, t) as follows,

i(mo*t-k,-»

E(x,2,1) = & 2 0,.€ =Yz .

m = —oo

The RHS of Eq. (2-17) becomes

n_aE_ :1_)28 . it 1(1)1&_)[)
i (c “a:(‘“"’ fre s
(2-20)
2 2 kof 10 f] iot
=n (_kf+2la—a_[+?a[ ]
=9
where k£ = ol

The last two terms in Eq. (2-20) can be neglected, since the time variation of f is of

the order of magnitude of w*(variation in the refraction index), that is

2ko, 2
IEA « lk A

d 2
— é«lkfi.

The RHS of Eq. (2-17) becomes



o e ' (2-21)

Substituting the expressions of n? and km - » given by Eq. (2-11) and Eq. (2-14) respec-

tively into Eq. (2-21) and then comparing with Eq. (2-19), we obtain

2
00 do 2
a—zm— (2in0kcose)$m + [(noksine +mk*) + (nokcose)z] ¢m
z (2-22)
22 . 2c i8; ~i8,;
=-ngk ¢ +ingk z nj((bm_je ’—(bm”.e ’)
Jj=1
Since ¢y, (z) is a slow varying function of z, then
2
Okg—¢m » 8_¢m
z az2
We have then
99 2
2n0kcoseé—zm + z[( noksin® + mk*) + (ngkcos0) 2] 9,
2.2 9 = i5, -id.
= (=) ngk"0, —nok™ 3 "j(¢m-je =0, j) :
j=1
Rearranging, we have
0, o kn i8, -i8,
_ J J_ J
2 z 20059[¢m € T Ot ]
j=1 (2-23)

0,

_Om 2 2 2.2
= . * _
2ngkcos@ (noksm9+mk ) + (ngkcosB) nok]
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RHS of Eq.(23)
i
= T fes [ (mk*)® + 2nmkk* sing + n(2)k2( Sin 0 + 00329) —nek’]
ik’
2nykcos6

[m2 + 2mn0kk sin 9]4)

2
ik* Lm

k .
= —2Lnokcose [m + ZnOI-(; sme] 0,

Conforming with the parameters used by Klein and Cook, let’s define the following
quantities,

L
nokcos(-)

Q:

o= ——no/;k; sin®

' kn.L
! cosB

where L is the width of the sound beam.
Since the incident angle 0 is less than one degree, we can rewrite @, V, and « in the

following simplified forms

2
0-YrL (2-24)
nok
a=-n Lsine (2-25)
Ok*
= knjL . (2-26)

3 > i85, -i8,
7 E Vi onse —tmae ] = 22 m2000, @)
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For a pure sinusoidal sound field, n(x,t) = ny+n, (w*t - k*x) . In other words,

under such excitation we have j = 1. In order to notation the subscript of V will be

dropped in the subsequent development. Finally we have

do

Vv imQ
="t 0y 1=0,, ) = 5 (m-200,, (2-28)

2L
Equation (2-28) is similar to the equation developed by Roman and Nath!), and by

Klein and Cook who developed a unified theory which is valid over a wide range of exper-

imental conditions!!!l. The parameters in Eq. (2-28) such as the acoustical pressure, the
angle of incidence of the light on the sound field, and the sound wavelengths can easily be
varied in a given experimental system. From an analytical viewpoint, we would like to
use two dimensionless variables which are simply related to the two easily varied quanti-
ties. A third parameters is needed to complete the description of the interaction. For con-
venience, this third parameter should be independent of the acoustic pressure and angle of
incidence. The parameters Q, V, and o used here satisfy the above conditions while other
common choices of dimensionless parameters do not. It should be emphasized that exper-
imental systems characterized by the same set of values of Q, V, and a are equivalent
though k, k*, n;, ny, and L may differ. Choices of parameters which are combinations of
0, V, and a have sometimes been taken for mathematical convenience. Also before exper-
imental setups are designed to verify the theory developed, numerical simulation can easy

be performed by using parameters (Q,V,) to see the mode amplitude variations.

2.3.2 Characterizations of Acousto-Optics System

Equation (2-27) shows that the quantity Q is a measure of the differences in phase of
the various partial wave due to their different directions of propagation. When the phase

difference in these waves becomes large (say Q > 1), the diffracted light tends to remain in
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the lower orders. In fact, for large Q the diffraction is not found to occur at normal inci-
dence. This phenomenon can be explained using elementary results of coupled mode the-
ory[2”. A coupled mode interpretation of difference-differential equations in the Eq. (2-
27) identifies the variable V; as coupling coefficient between the light waves. The cou-
pling coefficient V; couples waves which differ in order number by j. The coefficient V,
couples adjacent waves, V, couples alternate waves, etc. The amount of energy transfer
between the waves depends upon the coupling coefficient and the degree of synchroniza-
tion of the waves. In Eq. (2-27), the term mQ(m-2a) indicates the degree of synchronous,
i.e. the phase difference between the waves is nearly constant, energy transfer between the
various orders readily occurs. On the other hand, if the waves are highly nonsynchronous,

the energy transfer is extremely weak.

2
. L . k . k* L
l = — — - .
For analysis of oblique incidence, using o nok* sin® and Q ngkcos® , Eq
(2-28) can be rewritten as
d,, v [ m?
Em+2—L,(¢M—]_¢m+l) = l(’nz—LQ +mk*tan9]¢m (2‘29)
For Q << 1 Eq. (2-29) becomes
do v
= *57 Oy _1=0,,)) = imk*anbo, . (2-30)
imk*ztan®@ . . . .
Leto, = v, e , we have the difference-differential equation as follows
d\[lm |4 ( —ik*ztan® ik‘zlane)
% *iZ ¥, € “V, 1€ =0 (2-31)

When the light beam is at oblique incidence, the phase term, k*ztan®6, arises due to
the fact that the light progresses through the acoustical field it encounters a continuous

change of phase of the acoustical waves. If the light travels in such a manner that it enters
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and leaves the sound field at points having a phase change of 2nn (n being an integer).
Consequently, the diffraction effects are completely cancelled. Therefore, if the phase

term k*Ltan0 equal to 2nn the diffraction effects will disappear at the angle of

tan@ = 2’_'_7_‘ = 'i\
k*L L

With Q << 1 the solution of Eq.(29) atz =L is

.mk*L

me L ang
_ 2V (.k*LtanB) T
¢’"—j’"[k*Ltan6 T ]e ' (2-32)

The intensity of the mth order can be written as

=T V52 (2-33)
2

Equation (2-33) shows that when Q is very small the intensity distribution follows the

manner of a sinc function. The diffraction pattern is symmetric for all angles.

For Q >> 1 the diffraction effects are found to be symmetric for oblique incidence.

As a matter of fact, the diffraction occurs predominantly around the angles associated with

Bragg diffraction given by!!14]

. m\
sin@ = 2—1\;(—) . (2-34)

This phenomenon can be explained by the use of coupled mode theory. From Eq.(29)

2
the phase term is found to be ’llz—Lg +mk*tan®. The phase term will be vanished when

sz

ST +mk*tan® = 0. Hence we have
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tan® = ;/’(’:3 . (2-35)

Equation (2-35) can be reduced to the form of Eq.(34). The energy transfer between
the coupled modes is most effective between orders which have the same phase term.
Therefore, most diffracted light will lie into the order which satisfies the condition given

by Eq.(35). From the manner in which the parameter « is defined Bragg diffraction occurs

when a = -, and the light is diffracted predominantly into the nth order. The sharpness

n
2
of the light intensity distribution in the vicinity of the Bragg angles as a function of angle

depends on the Q value. This will be shown by numerical analysis in next chapter.

2.4 Diffraction in the Bragg’s Region

Although the Q is related to k", L, ng, and k, however, in a typical experimental
setup, the ny and & are fixed. The width and the frequency of the sound beam are the major

factors to vary the Q value. Experiments for the low frequency and the shorter width of
sound beam are said to be in the Debye-Searsm or Raman-Nath!4) region (Q << 1). The

solution for the Roman-Nath interaction has well been studied!2/4110IMIIN6] 1 thig djs-
sertation, we will concentrate on the solution of the second order Bragg Diffraction.
When the acoustic beam is wide enough and acoustic wavelength is short, the interaction
can be observed in the Bragg region. The diffracted light reaches a maximum when the
incident acoustic wave is at a particular angle. Figure 2.3 depicts the geometrical relation-
ship between the light and acoustic beams. Equation (2-36) states the constructive inter-

ference condition for the interaction.

’

m\ = 2l-1 (2-36)

n
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Air

Acoustic beam

Water

Diffracted beam

Figure 2.3

Diagram for diffraction path.
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where A n = A/ n is the wavelength of the light beam inside the interaction region. The

A is the wavelength of the incident light. Under constructive interference, the acoustic

wavelength A, length of interaction L and optical path I' are related to the optical path 1

and incident angle 0 in the following way,

A = [sin@
L = 2lcos6 (2-37)
" = LcosO = 2100529

Substituting these relations into Eq. (2-36), we have

mkn = 2Asin6 (2-38)

or
mA = 2Anosin9 (2-39)

Using Snell’s law, nsinel. = nosinG, we have sinO‘. = nosine for n =1 in air, and Eq.

(2-39) becomes

mA

o (2-40)

sinei =

Equation (2-40) describes the Bragg relation for constructive interference at some specific

incident angles.

2.4.1 First order Bragg Diffraction

For the first order mode m=1, Eq. (2-40) becomes

A

smei = 3% (2-41)

Since 6; has a value of less then one degree, one can approximate sin@ = 8;. The angle

becomes,
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- :
05 = 54 (2-42)

where Og is the well-known Bragg angle“'. When the incident angle is at the Bragg

angle, the diffraction mode intensity is at its maximum.

In the case of m = 1, Eq. (2-28) becomes

d¢o v

?1_2. 3L (¢ -0) = (2-43)
d(b 0

-+ (% 0y) = i5; (1-20)0, (2-44)

These equations describe the possible coupling between various modes. In Eq. (2-
43) the zeroth mode is coupled to the +1 modes. The quantity % relates to the coupling

coefficient. Equation (2-44) describes the coupling between the first order mode and its

adjacent mode. In order for modes to be coupled, the imaginary term in Eq. (2-44) should
be vanished. The condition for the first order mode to be coupled is when o = 0.5.

Under this condition, Eq. (2-25) becomes

k*
T__

NI —

nosme =

Since sin(-)‘. = nosinO, the incident angle before the light passes through the sound

beam will be sinf, =8, = 2);\ Therefore, for o = 0.5, the incident angle is equal to the

Bragg angle, and this result confirms the geometrical relation in Fig. 2.3.
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To evaluate the intensity of the first order mode, let us consider the coupling between

¢p and ¢, modes. Let’s take a simple case of o = 0.5, Eq. (2-43) and Eq. (2-44) reduce

to
d¢0 %
dz _27'¢] -0 (2-45)
do) vy _.0

2 Tl =i
From an analytical viewpoint, we ignore ¢_; and ¢, because in this case, ¢_; and ¢,
are very small compared with ¢ and ¢;. Equation (2-45) can be solved by using Laplace

transformation. Putting this set of equations in matrix form, Eq. (2-45) becomes

do| _ | O Cyf]%

0| = (2-46)
) -C, Gy |9,

1%
where C | = 3L

c

5 = i2_L(] -2a) .
For a Linear system,lzo] one can solve a set of difference-differential equation by

using the Laplace transformation technique. For a system [X] = [A] [x] , the solution is

X (2) = eA?X o » Where X is a initial condition, and the ¢*? can be presented as

e = -1[(SI—A)'1:|

Applying this approach to Eq. (2-46) we have

¢0(Z) - €1 €12 [(P,-nc] _ ell¢inc (2-47)
%, (2) €3 €L 0 €21%inc
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where ¢, is the mode amplitude of incident light at z = 0, and

€n =3.1P 2 " 2-
s —sC2+CU

-1 [ _Cl ]
ey = _—
21 3 s2—sC2 +C%_

-

Then from Eq. (2-47), ¢,(z) can be put in the following form (The detailed steps are

shown in Appendix A.1)

0

_ ﬂ ia—z(l—2a)z ) (0 )
¢,(2) = 5 ¢ sin| 772 (2-48)

where 6 = (4V2+ [Q(1-2a)]2)1/2,

Finally, the first order mode intensity I, at z = L becomes

2 2
= 0,0, = Trsin (9). (2-49)

2 2
Io=1-Ysn (9) =1-1, . (2-50)

The solutions given in Eq. (2-49) and Eq. (2-50) are consistent with those given by
Pharisean!'2113]. From these equations, we can see that the distributions of the first order
mode not only depend on the acoustical pressure and frequency of the acoustical wave but

also the incident angle.

For the case of a = 0.5 (the incident angle equal the Bragg angle) the first order

mode intensity is expected to have maximum intensity. The mode intensities are
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Iy

cosz( ‘-/)
2

/A%
1 sin 5

The numerical solution of mode intensity variation will be given in the following

(2-51)
/

chapter. Itis noticed that the intensities predicted by Eq. (2-49) and (2-50) are quite accu-
rate under the condition Q >> 1. In Eq. (2-51) the V value was chosen to be (2n-1)®, n
being integer number. Under this condition, all light shall lie in the first order favored by

Bragg diffraction.

2.4.2 The Second order Bragg Diffraction

For the second order mode m = 2, Eq. (2-38) becomes

sin Oi = (2-52)

>

Since ; also has a value of less then one degree, we can assume sin;=6,. Com-

paring with Eq. (2-42), we have

0,5 = 265 =

>

where 0,5 is equal to twice of the Bragg angle. When the incident angle of the light

approaches to the double Bragg angle, the light is in phase and interferes constructively.

As a result, the second order mode intensity reaches a maximum.

For m = 2, Eq. (2-37) becomes

do, vy 20
457 (0,09 = iT=(1-0) 0, @-53)
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This indicates that ¢, couples to ¢, and ¢3. Consider the coupling between ¢, ¢; and ¢,
(ignore ¢_; and ¢ for the same reason as in the first order case.) We have a set of differ-

ence differential equation given below,

, d¢0 %
@ a0
. v Y 2.54
a— —_— - = | = - - )
| @ *az @00 = isp (1-20)0, (
a9, v 20
@ tarh =i (1799

This set of equations can be solved by using Laplace transformation. In matrix

form, the set of equations can be expressed as

d)o 0 C, 0|0,
d)l = —-Cl C2 Cl 0, (2-55)
‘i’z 0 —Cl C3 q>2

|4

where Cl =57
C2 =zﬂ(1—2a)

2
C3 =I—LQ(1—(1) .

Since this is a 3x3 matrix, and the coefficients in the matrix could be complex quan-
tities, finding the mode solutions becomes rather involved. A brief procedure is shown
below, the detail steps will be given in appendix A.2. The coefficient matrix of the system

equation is

0 C, 0
A=|-C, C,C
0 -C, C4

(2-56)
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Following the similar procedure in solving the first order mode, we have

. €11 €12 €13
€ =3-1[(81—A)"] = [621 €22 €13
€31 €32 €33
0 (z) = e4?¢(0) (2-57)
¢0 (0) ¢inc
where ¢ (0) = %, @] =109
¢, (0) 0
and

(s-Cy) (§-Cy) +C% C(s-Cy) c?
-1 _ ]
[31_,4] ' A —CI (s-C3) s(s—C3) sC1

c? -sC, s(s-c2+c§

where A = 53— (C,+ C3)s2+( C,Cy +2C Js - €y}

The set of equations is then in the following form.

%@ e epesle, | [
0, ()| = |ey €x ex3l| 0 | = |€21|®inc - (2-58)
0,(2)|  [e3) €3 €33|L O €3

Next, we can find e}, €5, and e, by the use of Laplace transform. The results are as

follows

2 2
s -s(C,+Cy) +C,C,+C
27 +3) Yoty T (2:59)

e.. =
11
$ =52 (Cy+ Cy) +5( CyC4+2€7 )+ €T
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. r -C,(s-Cp) ]
—cpl 1 3
€2 ‘g 3 2 2 2 (2-60)
Rt (C2 + C3) + s(C2C3 + 2C1) + C3C1_
i 2 n
C
_cpl 1

Since we are interested in second order Bragg diffraction for maximum excitation of

. . A .
the second order mode, the incident angle is 8,, = A and this means o equals to one

[see Eq. (2-25)]. Therefore, with o = 1 the C’s become

%
C, =355
- -n&
€2= Dy
Cy;=0

For solving the mode intensities with a = 1, one substitutes above C’s to Eq. (2-59) ~

Eq. (2-61), and the results are given as follows
(a). The intensity of the first order mode with o = 1.
Using o =11in Eq. (2-60), it yields

C

-1 1
€,, = (2-62)
21 g [ 2 2C%]

The detailed derivation of e,; will be shown in Appendix A.2, then we have

&0

i
en = 0 Yedsin( 9], az=L (2:63)

where 0 = (8V2+Q2)1/2
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From Eq. (2-58) we have

¢, = e, -9, so the intensity of the first order mode is

V2. %o
,1 = ¢l '¢]* = 4558111 (Z)Iinc (2-64)

*

where ,inc = ¢inc ) ¢inc

The value of the parameter ¢ in Eq. (2-64) for the first order mode is different than
the one used in Eq. (2-49). The reason is that when a = 0.5, the light is in phase and inter-

feres constructively at the first order diffraction, thus ¢, is small and can be ignored.

However, in Eq. (2-64), o = 1, the light is in phase and interferes constructively at the sec-

ond order diffraction. As a result, ¢, becomes large, and can no longer be neglected. In

the case of a = 1, the first order mode is strongly depend upon the parameter V and much
more so than the case of a = (.5. Later, more specify information will be provided in the
numerical analysis.

(b). The intensity of the second order mode with a = 1.

From Eq. (2-61), e5; becomes

2¢2
1p-1 1
€ = = - x| . (2-65)
3 23 [s(sz—C2s+2C,)]
From Appendix A.2 we can derive e3; sa follows
€y = 1 1 -e_i%(igsin(g) + cos(g)) at z=L (2-66)
317 2 o 4 4 -

where 0 = (8V2+Q2)1/2
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Then the amplitude of the second order mode ¢, becomes
0y = €31 Oy, (2-67)
And the intensity of the second order /, is
1 c 0V (0.c6 . Q)
q>2 ¢)2 = [( cosz - cosz) + (asmz - sz Iinc (2-68)
It is interesting to note that for proper Q and o values, /I, can ideally be excited to

100% from /;;,.. This indicates that if the incident angle of the light is twice of the Bragg

angle, the I;,. can transfer most of its energy to /5.

(c). The intensity of the zero order mode with o = 1.

For the ¢ part when a = 1, we have

2 2
§-2C,+C
=gl A G HETEEE :
‘i 3 [53-C2s2+2C%s:| s ] (2-69)

and

O = €11%inc (2-70)

Therefore, the intensity of the second order mode at z = L becomes

o= o005 = Y(on(Z) (@) +(@(2) ()t 2

Finally, we have
= [ cosC 9)2 (4_2-9 .Q)z]
I0 = 4[(cos4+cos4 + Gsm4+s1n4 Il.nc
2V . o012
I = [? -] I (2-72)
2 2
I2 = ‘l‘ (cos——cos ) +(%sing—sin%2) ]ll.nc
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where

(ST

G = (8V2+Q2)

o = (_”0),§Si"e =1

2

k* L
Q= ngkcos®
knlL
V =
cos9

The equations of ¢, ¢; and ¢, derived above satisfy the solution of the difference
differential equation given by Eq. (2-54) with o equals to one, and these confirms that the
result derived in Eq. (2-72) are consistent. Also, the equation set, Eq. (2-72), is com-
pletely general for a pure sinusoidal excitation case. An interesting property of the second
order mode results from pure sinusoidal grating is that its maximum value is periodic with
Q0/4 and o/4. With proper Q and ¢ values, the diffraction efficiency of the second order
will ideally be 100%. In chapter 4 we will discuss the conditions for high efficient diffrac-

tion in second order mode diffraction. From Eq. (2-72), it is easy to show that

Iy+1, +1,=1;, . This implies that only a small diffraction appears in the high order

modes and that the total energy of the system is practically conserved.

In the case when o = 1, the conditions for maximum intensity for the second order
mode are quite different from those for maximizing the first order mode intensity when
o = 0.5. For a=0.5 when the Q values are large, the first order mode is heavily depen-
dent on the value of V. However, when a = 1 the second order mode intensity becomes
function of both Q and V. For maximizing the second order Bragg diffraction, we need to
adjust Q and V to certain values which match the criterion for maximum second order dif-
fraction. This means that only proper choices of acoustic frequency, amplitude, and width

of acoustic beam can provide a high efficiency second order Bragg diffraction.



Chapter 3

Numerical Analysis of the Acousto-optics System

3.1 Introduction

In the previous chapter, we derived the conditions under which the second order
Bragg diffraction occurs. Before the experimental setup is designed to verify the theory,
numerical simulation can be readily performed to see the mode amplitude variations for a
given set of system parameters (Q, V, a). Also, from the results of the numerical analysis,
it is helpful to verify the criterion for determining an optimal set of parameter values for
the acoustic optical interaction. In this chapter, the simulation for the first order and sec-

ond order Bragg diffraction will be carried out in detail.

3.2 Numerical Analysis of the First order Diffraction

Klein and Cook!!!] used numerical simulation to show the Roman and Nath condi-
tion and the first order Bragg diffraction. In the Bragg diffraction case, they only simu-
lated certain Q and V values. However, a through analysis of the interaction was not

given. For the sake of comparison, a detail mode variation under all parameter changes

35
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will be very useful in understanding the interaction as well as comparing with the second

order mode variations.

First, we use the difference-differential equation set in Eq. (2-54) to perform the
numerical simulation. Since Eq. (2-54) involves ¢, ¢, and ¢,, the numerical result for the
first order mode will be more accurate than the result obtained from the difference-differ-
ential equation set Eq. (2-45), which was used by Klein and Cook considering only the ¢,
and ¢; modes. Since the magnitudes of the higher order modes drop out rapidly, accurate
result can be obtained by using the first three order modes. As incident angle of the light
beam approaches the Bragg angle (say a = 0.5), the second order diffraction will be very
weak when a large Q value and a small V value is used. Then, the first order mode inten-

sity can either be obtained by Eq. (2-54) or Eq. (2-45). However, for small Q, the diffrac-

tions analyzed by Eq. (2-45) did not work precisely, and we need Eq. (2-54) to analyze the

diffractions in this region.

In the previous chapter, it has been shown that the first order mode can be synchro-

nous with zeroth order mode and gives maximum mode intensity if the incident angle of
light field is exactly equal to the Bragg angle 6, = ;—;—\ . The differential equations given

in Eq. (2-54) are used to simulate the acousto-optic system. Figure 3.1(a) shows the distri-

bution of I; with Q values from 1 to 40 and V values from 1 to 20 when the incident angle

of the light field is equal to the Bragg angle (o = 0.5). Figure3.1(b) shows the result

solved by Eq. (2-45) with a = 0.5. It can be readily seen that Fig. 3.1(a) gives more
detailed information in the mode distribution of the first order than Fig.3.1(b), especially
when Q < 15 and the value of V is large. This will be useful fact for experimental verifica-

tion and practical applications. The first order diffraction has a rapid change in the small
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Q region, and Q depends quadratically on the acoustic frequency. Consequently, one can

use acoustic frequency to vary the diffraction intensities in this region. For large Q and
small V, figures 3.1 (a) and (b) show the same character of diffracted light. Though we use
Eq. (2-54) to analyze the interaction, comparing Fig.3.1(a) with (b), we see that for maxi-
mum/; V = (2n-1) nt (n being integer) can be applied for the case of & = 0.5 as well.

The result shown in Fig.3.1(a) is appeared to be correct, therefore, in future analysis we

will refer to those numerical data.

3.2.1 Diffraction in the Raman-Nath Region

In order to compare the characteristics of the Bragg region with the Raman-Nath
Region, a brief review of the properties of the Raman and Nath diffraction is given below.

With Q <<I, the intensity of the nth diffraction order is given by

I, =J1V O (3-1)
2
For normal incident of the light beam, the intensity can be reduced
1 =2 . (3-2)

Raman and Nath first obtained this result and indeed suggested the correct angular

dependence from geometric argumentsm. Occasionally, one finds in the literature the
designation of Raman and Nath diffraction as all diffraction at normal incidence. How-
ever, in the interests of historical accuracy and a consistent description of the problem,
Klein and Cook suggested the designation of Raman and Nath diffraction for all diffrac-

tion under condition Q << 1.
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The acoustic fields described by the condition Q << 1 are equivalent to optical grat-
ings which produce only a modulation of the phase of light passing through them. The
light is modulated in phase but not in amplitude. This agrees with the early speculation of

Raman and Nath that a sound beam of narrow width and low frequencies could be consid-

ered as an optical phase grating[4]. The parameter V, known as the Raman and Nath
parameter, describes completely the diffraction in this limiting case. It measures the
degree of phase modulation of the light produced by the acoustic wave. Examining the

intensity, the following properties in the Raman and Nath region are observed.
® The diffraction pattern is symmetric at all angles of incidence since I, =/_,;,. Many
diffraction orders can be observed. When the angle is normal incidence, the inten-

sities of the first few diffraction orders is a function of V.

e The angular dependence of the arguments of the Bessel functions is such that the

effect of oblique incidence is to alter the effective value of V by a factor of

(sin QTOL)/ %(—1. Maximum diffraction will occur at normal as well as on both

sides with respect to the normal. When Qo = 2mm (m being a nonzero integer), all

diffraction effects will disappear.

e The light intensities in /I, and /_, will vanish together when the argument of Eq. (2-
33) is equal to any root of the nth order Bessel function. This can be made to occur

by changing either V or a.. The intensity of a particular order as a function of the

incidence angle will be symmetrical with respect to the normal.

The above observations are restricted for Q << 1. When the magnitude of Q

approaches to unity the observed light intensity distribution begins to deviate from those

predicted by Eq. (2-33). The excess amount of light is found in the lower orders. Also,

the maxima and minima of the light intensities as functions of V are shifted, and the total
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diffraction effect does not vanish at Qo = 2mn. These effects become more pronounce for

larger Q value.

3.2.2 Diffraction in Bragg Region

For Q << 1 the diffraction is described by Eq. (2-33) while for Q >> 1 Eq. (2-51)
should be used. However, when the Q value is in the range from 1 to 10, there is no close
form solution for the difference-differential equation Eq. (2-54). Numerical methods have

to be used to analyze the interaction.

The mode intensity variation of the zeroth and first diffraction orders for normal

incidence was given by Klein and Cook!11], They mentioned that for Q < 2, the depen-
dence on acoustical pressure is similar in nature to Raman-Nath diffraction but differs in
essential detail. Itis seen that more light appears in the lower diffraction order than is pre-
dicted by Raman and Nath. By summing the intensities of the zeroth and the first orders,
it is found that essentially no light appears in the second or higher orders with Q = 4. For
Q =17, only a small fraction appears in the first order. When Q = 10, diffraction effects
essentially vanished at normal incidence for small acoustic pressures. However, in the
case of oblique incidence the diffractions have quite different characteristics than these
from normal incidence when Q is large. From previous development, we have established
that V = (2n-1)r is the condition for providing a high efficiency diffraction in the first
order. In order to investigate the mode intensity variation as a function of the incident
angle of the light field and the frequency of the acoustic wave in the first order diffraction,

various & and Q values are used while keeping V = 3. The mode distribution of /; is

shown in Fig. 3.2. Figure 3.2 depicts the rapid change in the angular dependence with Q

for the first order diffraction. The first order mode is excited to its maximum when the
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incident angle approaches the Bragg angle (o0 = 0.5) with large Q. This is referred to as
the First Bragg Diffraction. It is observed that for small Q, even though the incident angle

is the Bragg angle and V = (2n-1)r, the magnitude of /; remains small.

Figure 3.3 shows the mode intensities versus various Q values with V =3 and a =
0.5. When Q = 1, a considerable amount of light is found to be appeared in the orders
other than the zeroth and first. Most of this light will be in the negative first order or pos-
itive second order. For Q < 3, the diffracted light is very similar in nature to Raman and
Nath diffraction but differs in detail. As Q is increased, less light appears in those orders.
It is found that essentially no light appears in the second or higher order while Q > 12, and
most light is found to appear in first order with only a small fraction in zeroth order. When
Q >> 12, all light lies in the first order, and this phenomenon was considered as Bragg dif-
fraction. It is seen that for Q = 6, about 92 percent of light lies in the first order, and when
Q = 18, it contains almost 99 percent. These results are seen to be in agreement with the

results given by Phariseau.

With V = 3, Fig. 3.4 shows the angular variation with Q for the zeroth and first
orders. It is interesting to note that when Q < 2, the dependence on the incident angle is
similar to those of the Raman and Nath diffraction. A slight difference is that the zeroth
order is symmetrical with respect to normal incidence, whereas the first order are symmet-
ric about their respective Bragg angle (o« = £1/2). This is not very apparent with small Q
values, however, at larger Q values it becomes noticeable since the range of a decreases.
Figure 3.4 also illustrates that when Q is increased further, Bragg diffraction predominates
over other effects. Then, in order to observe the Bragg diffraction phenomenon, high
acoustic frequencies are required. Comparing Figs. 3.4 (b), (c) and (d), the sharpness of

the intensity distribution is seen to increase with Q.
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3.3 Numerical Analysis of the Second Order Bragg Diffraction

In this section we will concentrate on the analysis of the second order Bragg diffrac-
tion. When the incident angle equals twice of the Bragg angle 6, = % (say a = 1), the

second order mode can be synchronous and give maximum intensity. With a = 1, Eq. (2-
72) describes the diffractions with pure sinusoidal grating, and this interaction can be
referred to as a double diffraction or the Second order Bragg Diffraction. The expression
given by Eq. (2-72) is rather complex, in order to obtain more insight of the interaction, a

numerical simulation has been performed. Since Eq. (2-72) only provides the special case

o = 1, if we want to observe the mode distribution with different incident angle, we still

need to simulate the whole system by using difference-differential equation Eq. (2-54).

3.3.1 Optimum set for the second order Bragg Diffraction

With a = 1 and L = 3.175¢cm, the numerical simulation is shown in Fig. 3.5. Figure

3.5 shows the distribution of the diffracted intensities with Q values (0 to 40) and V values

(0 to 15). As can be seen from Fig. 3.5, when the incident light make a double Bragg
angle with respect to the acoustic beam, most energies are coupled between the zeroth,

Fig. 3.5(a), and the second order, Fig. 3.5(c), and only a small fraction appears in the first

order diffractions, Fig. 3.5(b). In the first Bragg diffraction case (o = 0.5 see Fig. 3.1(a))
when Q values are large, all energies are coupled to the zeroth and the first order diffrac-
tions and both maximum diffractions are only a function of V. However, in the second

Bragg diffraction (a = 1), all diffracted light are not only a function of V but also a func-

tion of Q. Figure 3.5(c) indicates that the maximum second order diffraction is periodic

with Q and V. When an optimum set of Q and V values is used, the intensity /, reaches a
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maximum, and almost 99% energy couples from /;;,; to /. In the first order Bragg diffrac-
tion, there is a wide range of system parameters to be used to obtain the maximum first
order diffraction. In the second order Bragg diffraction, the maximum intensity can only
be achieved if a certain set of parameter is selected. In Fig. 3.5(c), there are three sets of
Q and V values for obtaining the maximum /[, they are: (Q=13, V=1.5), (Q=25, V=10),
and (Q=38, V=11.5). These parameter sets show that for small Q value (say Q = 13) the
minimum required V value to excite the maximum /, is smaller than the V value for large
Q value (say Q = 38). The physical interpretation of this is as follows. For a given width
of an acoustic beam with low Q values, the required acoustic frequency as well as acoustic

power could be lower. This property is also same to the first order Bragg diffraction.

From the results of the above simulation, we learn how the second order Bragg dif-
fraction can be excited to its maximum intensity with certain o, V and Q parameters. Next

chapter, experimental setup will be described.

3.3.2 Second order mode Intensity Variation with Parameter  and V

To analyze the distribution of the second order Bragg diffraction with V and a as

parameters, we choose the optimum set (Q=13) for detail analysis. Figure 3.6 shows the
distribution of diffracted light intensities with Q = 13, while V and « are variables. For a
system setup with the incident light, medium and the width of acoustic beam are fixed, the
Q value can be directly related to the acoustic frequency. Furthermore, V can be related to

the acoustic pressure and o in term of the angle between the light and the acoustic beam.

For a given acoustic frequency such as to give Q = 13, Fig. 3.6 shows the distribu-
tion of the diffracted light with various intensities of the acoustic beam and angles of inci-

dence. It is observed that from Figs. 3.6 (a) and (b) when the incident angle approaches
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the Bragg angle (o = 0.5), most of the energies are coupled from the zeroth to the first
order modes. With a = (0.5 since the intensity of the first order diffraction can be maxi-
mized by adjusting the acoustic beam intensity, under such excitation the second order dif-
fraction is too weak to be observed experimentally. However, when the incident angle
equals to twice of the Bragg angle (o = 1, see Fig. 3.6(c)) it is noted that the most energy
is transferred from the first order to the second order mode. In addition, the second order
mode intensity can be maximized by adjusting the acoustic beam intensity. This indicates
that the second order diffraction can be strongly excited with a pure sinusoidal grating
when the incidence angle of the light beam approaches to twice of the Bragg angle with an
optimum set of Q and V values. Under such excitation, the first order mode intensity /,
can only reach about 45% of I, (see Fig. 3.5(b)). When the incident angle greater than
the double Bragg angle (say o > 1), only a small fraction of the incident light appears in
the first or higher order. Practically all diffraction effects vanish for o >> 1 under small

acoustic pressures.

With Q = 13, Fig. 3.7 displays more detail variation of the angular distribution when
the V value changes. With V = 1, some diffractions appear on the first order at a = 0.5, but
most of the energies are still contained in the zeroth order. When V increases to 3, the first
order reaches its maximum at a = 0.5, and a noticeable second order diffraction was
observed at @ = 1. When V =5 (see Fig. 3.7(c)), the first order dips down to 40% of /,,.
A stronger second order mode intensity is visible when V increases from 3 to 5. It is rather
surprising that the first order mode reappears at & = 1. This explains why in an experi-
mental setup the first order mode can easily be observed since there exists a wide range of
system parameters to excite the first order mode. When V is further increased to 7.5, Fig.
3.7 (d), the diffracted light energy is almost completely transferred into the second order
mode at & = 1. It is important that a strong second order mode excitation can provide

attractive features in engineering applications. The second order diffraction provides not
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only a larger deflection angle and frequency shift in the light beam, but also gives a better
resolution in beam deflector and optical imaging. Another interesting result has also been
noted as shown in Fig. 3.7(d) that when Q = 13 and V = 7.5 the maximum diffraction
appeared at o = 0.5 is not the first but the zeroth order, and the maximum of the first order

is shifted to o = 0.75 instead.

In previous section, we mentioned that using the optimum parameter sets, for small

Q values the minimum required V values to excite maximum /, is smaller than the V val-
ues for large Q values. On the other hand, the large Q provides a wider range of V values
which drives /, to greater than 70% of the maximum /,. Comparing Fig. 3.8 (a) and Fig.
3.9 (c), when Q equal to 38, the magnitude of /, is in excess of 70% of the maximum /,

with various V values from 9.5 to 13.8. However, when Q equal to 13, the ranges of the V
which have /, greater than 70% of the maximum /, are only from 6.2 to 9. This indicates
that if high Q is used for optimum set, there exists a broader range of V values for exciting

the second order Bragg order.

Physically, the V value is proportional to the amplitude of the Fourier component of
the acoustic wave and is directly related to the intensity of the acoustic grating. Then, the
V value is a function of the acoustical pressure.[?3/24] In acousto-optical application, the

transfer function of amplitude modulation can be related to the result in Fig. 3.8.
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3.3.3 Second order mode Intensity Variation with Parameters Q and o:

For observing the distribution of the second order diffraction with Q and a as vari-
ables, we choose optimum sets (V=7.5, V=10 and V=11.5) for in-depth analysis. Figure
3.9 shows the distributions of the second order mode with Q and o as parameters while
using the three optimum V values. From the mode distributions, one can see that with
optimum V values, the second order mode is very sensitive to Q and a. Only a narrow
range of o values can efficiently drive the second order mode. With a =1, the maximum
second order diffractions are located in Q = 13 for V=17.5, Q =25, for V=10 and Q =38
for V = 11.5. Figure 3.9 indicates that the mode distributions with varying Q values are
quite different for each optimum V value. For small V value, say V = 7.5 in Fig. 3.9(a),
the Q value required to achieve the maximum second mode is small (Q =13), and the
range of a which can efficiently drive the second order mode is large. Under such excita-
tion, when Q is increasing, the intensity of the second order mode is decreasingly and the
range of a which can efficiently drive the second order mode becomes narrower. How-
ever, for case V = 11.5 in Fig. 3.9(c), the Q value required to achieve the maximum second
order is change to large (Q =38), and the mode distribution with Q various is wholly dif-

ferent to the case V =17.5.

From Fig. 3.1(a) and Fig. 3.2, we see that when the conditions V = (2n- 1) and
o = 0.5 are met, the first order Bragg diffraction is strongly excited at large Q values. In
addition, when Q is large, the first order mode intensity is saturated and does not change
too much with increasing Q. Quite different from the first Bragg diffraction, the maxi-
mum second Bragg diffraction shown in Fig. 3.9 is heavily dependent on the Q value, and
for different optimum V value, the mode distributions with various Q become versatile.
For a fixed acoustic beam, light wavelength and medium ny), the Q value is only function
of the acoustic frequency. Then, an acousto-optical frequency modulation can be applied

by using the Bragg diffraction, and the second order Bragg diffraction provides a versatile
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transfer function than the first order one. Since only a short range of frequency can pro-
vide the maximum diffraction in the second order mode, it is useful that using the second

Bragg diffraction to implement a frequency filter to acousto-optical signal processing.

Equation (2-25) indicates that the variable o is a measure of the incidence angle of

the light on the sound field (see Fig. 2.3). In the Bragg diffraction, the diffraction angle is

0= %2\-” , where m is the diffraction order. The diffraction angle 0 is thus proportional to

the acoustic frequency. Therefore, for a higher Q value the diffraction angle 0 is large.
Using this result, we can apply the Bragg diffraction to an acousto-optic(AO) deflector,
and using acoustic frequency controls the deflected light beam. Since the second Bragg
diffraction has a double Bragg angle, the AO deflector using the second Bragg diffraction
would have a larger deflected light effect than that using the first Bragg diffraction. In the
next section we will also show that using the second Bragg diffraction would have a dou-
ble resolution on the acousto-optic deflectors. In addition, the second Bragg diffraction

provides a double frequency shifting to the diffracted light. Since the frequency shifting is

extremely important for heterodyning applicationm]'m], the frequency modulation by
using the second Bragg diffraction is a good study topic for future application. Another
useful application is that since the second order intensity is also a function of the Q value,
using this result we can apply to acousto-optic devices and optical signal processing which
prefer using acoustic frequency to control the amplitude of the diffraction not by using

acoustic pressure.

For the purpose of demonstrating how the diffraction intensity be affected by the

acoustic frequency, let’s consider the incident light be a Helium-Neon Laser beam A =

6.328 X 107 cm, and the acoustic system has an acoustic beam width of L = 3.175 cm.

Figure 3.10 shows the mode distribution as a function of the acoustic frequency with V =

7.5. As can be seen, when the acoustic frequency approaches 17 MHz, the second order
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diffraction reaches a maximum intensity. As a result, one can control the mode intensities

by varying the acoustic frequency.

3.3.4 Deflection Resolution and Angular Resolution:

One of the advantages of using the second Bragg diffraction in acousto-optical sys-
tem is due to the fact that it provides a better deflection resolution. Light deflec-
tion!281-(30) by ultrasound is based on the relationship between the acoustic frequency and
the Bragg angle. This relationship can be obtained by substituting the quotient of sound

velocity v and acoustic frequency f for the acoustic wavelength A into the Bragg diffrac-

tion condition. For the first Bragg diffraction, the condition is 2sin6, = % With

A = -, the condition becomes

i<

25in6p = f

< |

(3-3)

Typically, the Bragg angles are rather small, 2sin6, can be approximated by 26 .

Hence, 26 represents the angle by which the diffracted light departs from the path of the

incident light. As indicated in Eq. (3-3), the direction of the diffracted light ca be changed

by varying the acoustic frequency f.

A(20p) = o7 (3-4)

(311 and for memory or

Light deflection is potentially useful for television projection
switching devices. The major factor in a light deflection devices is the number of angular

positions that can be clearly distinguished from each other, usually called the number of
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resolvable spots. A light beam, no matter how well collimated, eventually spreads

through diffraction: far away from a source with uniform phase and amplitude across an

aperture D, radiation of wavelength A spread out over an angle +A/D . Figure 3.11 shows

that to determine the number of resolvable spots, we divide the angular displacement

A (26p) by the unavoidable diffraction spread B, . = A/D of a light beam projection

min
from an aperture D. This spread determines how small a spot one can make. Now for the

first Bragg diffraction the number of resolvable spots can be defined as follows:

N < 3320 _ Aravw)
1 -~ A/D

Bmin

= &2 = A (3-5)

where D is the width of light beam that the acoustic wave traverse at its velocity v. Hence,
the transit time 1 of the sound across the optical aperture is D/v. The number of resolv-

able spots equals this transit time multiplied by the total acoustic frequency shift Af.

For the second Bragg diffraction, the condition is

>

25in8,, = 25 = Zf% : (3-6)

To vary the direction of the diffracted light, an incremental change of acoustical fre-

quency Af is required,

A(20,) = 287 (3-7)

Hence, the number of resolvable spots for the second Bragg diffraction can be writ-

ten as

20
N, = A( 23) = 2412 = 247 (3-8)
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This clearly shows that the second order Bragg diffraction provides twice as many
resolvable spots when comparing with the first order diffraction. Even though, the second
order gives a better deflected resolution, it is however that there exists a limitation on the
number of resolvable spots. Since the diffraction efficiency of the second order diffraction
is a function of the acoustic frequency and the optimal mode intensity which can only
occur over a range of the acoustic frequencies, as a result the number of the resolvable
spots is limited. For example, Fig. 3.10 shows that the range of acoustic frequencies

which drive /5 above 70% of I, are fiin = 13.8 MHz and f,,,, =21 MH, the band limit

is then Af = 7.2 MHz. With one inch diameter light beam. the transit time is T = 17.1us,

thus the maximum number of resolvable spots is limited to N, = 246.

Angular resolution of the diffracted beam is another important feature of the interac-

(321 probed the column of sound by varying the entrance angle of

tion. Cohen and Gorden
the incident light, and recorded the intensity of the diffracted light as a function of angular
position. The result shows that the angular distribution of the diffracted light intensity is
very similar to the distribution of power density in far-field diffraction pattern of the sound
beam. Consequently, one can explore acoustic radiation patterns by the use of the Bragg

diffraction. Our analysis shows that the second Bragg diffraction provides a better angular

resolution than the first Bragg diffraction.

In the case of Q = 13, for example, Fig. 3.12(a) shows the mode distribution of /,;
and /, as a function of . When comparing /; with /,, both intensities are being optimized.
The result shows that the 3 dB bandwidth of /, is much narrower than that of the /,. In

other words, the response of the second order mode is more sensitive to the angular varia-
tion of the incident light. When the interaction is used for imaging purpose, the second

order mode should give a superior angular resolution.
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In Figures 3.12(b), it is also observed that the narrowness of the /, response is pro-
portional to the Q value. This can be explained as follows. Since the Q quantity is propor-
tional to the frequency of the sound wave, when the frequency of the sound wave is raised,
the wavelength becomes shorter, which in term will give a shorter equivalent slit spacing.

Shorter slit spacing in light diffraction always give narrower interference pattern.
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Chapter 4

Criteria for Bragg Diffraction Effects in
Acousto-Optic System

4.1 Introduction

Acoustic-light diffraction occurs when the acoustic waves diffract the light beam in

a manner satisfying the Bragg diffraction law.311-B51 gych phenomenon has been utilized
in the study of crystal structures by using X-rays. Strong intensity in a given portion of the
diffraction is obtained only when the glancing angles of incidence ¢ and reflection 6 are
equal, as in mirror reflection, and when A, A, and 0 satisfy the Bragg law mA = 2Asin0
(A and A are light and acoustic wave length, respectively, and m is the order of diffrac-
tion). In this chapter two types criteria for acousto-optic system will be discussed. One
criterion analyzes the minimum requirement in acoustic frequency and acoustic beam size
for satisfying the Bragg diffraction condition. Another criterion anatomizes the conditions

for maximum second order Bragg diffraction.

4.2 Basic Formulation of Bragg Diffraction

Let us consider the destructive and constructive interferences of light rays passing

through a plane acoustic beam in the same manner as has long been used in establishing

63
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the angular relations for Bragg diffraction of X-rays in crystals. In Fig. 2.3, it shows that
Eq. (2-38) describes the condition for Bragg diffraction in the case of constructive inter-

ference, which can be expressed as follows:

m\ = 2Asin@ 4-1)
In order to understand the phenomenon of constructive interference, we will go
through the theoretical analysis. In Fig. 4.1, let the horizontal lines represent the acoustic
wave fronts, space A apart, the solid line indicates the wave crest. The width of the acous-

tic field is L. Let the distance from A, to C, represents the wave front of the incident light
beam, whose perpendicular rays A; A, , By B, , etc., make the glance angle ¢ with the
acoustic wave fronts. As the light rays pass through the acoustic beam, a small portion of
the ray is assumed to be scattered at each acoustic wave front and the remainder pass
undeviated to the next wave front. Next, let us consider only the light rays scattered in the

specific direction A, A3, which makes the glancing angle 6 with the acoustic wave fronts,
and arrive later at a plane By By~ which is normal to all the rays. By considering light path
lengths from the plane A, C; to the plane B B3~ we can find the conditions under which

two or more rays will arrive in phase and thus give constructive interference of the light

intensity in the 0 direction. These conditions will be examined below.

First, let us consider any two scattering points A, and B; in the first wave front. The
path length A, A, A3 will be equal to the path length B, B, B if 6 = ¢. For this condition,

then, there will be constructive interference of all scattered rays. Next, consider the single

incident light ray B, B, which may be scattered from one or more acoustic wave fronts
besides the first, at B,, B;", and B,". Thus, the scattered rays B, B3, B;” B3’ etc., will
arrive in phase at the By B3~ plane if the path length B, B, By equals the path length B,

B,” B3, or if the difference in path length is mA. When 6 = ¢, it satisfies the condition.
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acoustic Waves

Figure 4.1 Bragg diffraction developed from path length consideration.
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Reinforcement will occur in the direction 6 defined by the relation. The more acoustic
waves that a single light ray passes through, the more will be the reinforcement. As a
result, the diffraction spectra will be more intense and sharper. Further, if a single light
ray passes through fewer than two acoustic wave fronts, no reinforcement will occur, and

hence no Bragg diffraction can exist.

4.2.1 Criteria for Bragg Diffraction

The Bragg diffraction occurs when incident the angle ¢ =0 and sin6 = (mkn) / (2A) .

It requires that the acoustic beam should be wide enough such that a single incident light

ray may cross one wave length of the acoustic beam. Figure 4.2 shows that

tan¢ = A—/Lé (4-2)

where N is the number of acoustic wave fronts crossed by a light ray in traversing the
acoustic beam. In order to obtain Bragg diffraction in a liquid medium, the incident angle

should satisfy the following relationship,

m\,
1 = —_— 4-
sin¢ oA (4-3)
where A, is light wave length within the liquid medium, A, = A/n, and ny is the refrac-

tive index in the medium.

Since the angle ¢ is very small, both tan¢ and sin¢ can be approximated by ¢.

Then, we have

NA _ mh
L 2An0 )

(4-)

in
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Figure 4.2 Schematic drawing of Bragg diffraction.
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The acoustic wave length A is equal to v / f, where v is the velocity of acoustic beam

within the liquid, and f is the acoustic frequency. Substitute v /f into Eq. (4-4), we have

2
2Nv
sz = W—no. (4’5)

In Eq. (4-5), N must 2 1 in order to give Bragg diffraction. For acoustic beam in

water, the refractive index ng = 1.33, and the velocity v = 1.483 X 10° cm / sec (velocity in

water at 20 °C). By using Helium-Neom light, A = 6.328 x 107 ¢m and the acoustic beam

width L in cm, Eq. (4-5) becomes

Lf = 9.2447’%1014

The condition can be simplified by putting frequency in MHz. We have then

LF? = 924

3=z

(4-6)

where F is MHz.

Equation (4-6) is the criterion for Bragg diffraction in water, when the light source is

a Helium-Neom laser. The integer m describes different order of diffractions.

For m = 1, the criterion for the first order Bragg diffraction becomes

LF* = 924N. 4-7)

For m = 2 the criterion for the second order Bragg diffraction becomes

LF? = 462N. (4-8)

It is clear that LF? must have the largest value for the first order Bragg diffraction
and progressively lower value for the higher order modes. The first appearance of Bragg

diffraction occurs when N = 1. The intensity of higher order mode can be normalized with



69

respect to the first order mode (N=1) for comparison purpose. Geometrically, the factor N
describes the number of acoustic wavelengths passed through by an undiffracted light ray
in traversing the acoustic beam. Therefore, a greater sharpness is expected in all orders
for larger N value. For various N values, Fig. 4.3 shows the distribution of the second
order mode intensities by varying the incident angle. It can be seen that the 3dB band-
width resolution with N = 4 is twice better than that with N = 2, while the resolution with
N = 6 is thrice as good as that with N = 2. This result could be very useful to the acousto-
optic Bragg imaging applications. It is estimated that the imaging resolution can be
enhanced to twice as good when the acoustic frequency is raised from 17 MHz to 24 MHz.
Judging from the results, the N value acts pretty much like a figure of merit. However,
when N becomes too large, the further increase in N will not give marked improvement in
sharpness of diffraction. This is because that there is little intensity left in the traversing

light ray as it reaches the far side of the acoustic beam.

Another important factor for the interaction is m. From Eq. (4-6), different m value

indicates different order of diffraction for a given LF 2 value. For given LF? value, for
example f= 17 MHz and L = 3.175 cm, the second order has N = 2 while the first order has
N = 1. Using the system setup mentioned above, Fig. 4.4 shows that the second order
Bragg diffraction provides a sharper resolution than the first order. This implies that if we
produce the same sharpness of diffraction in both the first and second orders, the acoustic
frequency for exciting the first order diffraction is twice that for the second order. In
experimental setup, lower acoustic operating frequency is preferred, since low frequency
transducers are easier to be fabricated as well as low cost. However, good resolution still
can be achieved by operating at low frequency, provided that second order diffraction is

used.
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Figure 4.3 Second order light intensities versus with NV as a parameter.
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4.3 Criteria For The Second Order Bragg Diffraction

Although the incident angle of the light beam satisfies the double Bragg angle

0,, = A/A, the intensity of the second order is usually rather weak. The second order

2B
diffraction intensity can be maximized by choosing an optimal set of system parameters.

In this section, we will analyze the condition for optimum second order Bragg diffraction.

With incident angle 6 = 6,, = A/ A, the diffraction intensities are

2 2 (4-9)
_ (o] 0 Q.oc .0
I2 = (cosz - cosz) + ((—),sm‘—1 - smz) ]linc
1
22
where o© = 8V2 +0
k*zL
Q = Fcost
nykcos
knlL
V =
cos9
F mum L, 2 _ g
Oor maximum 2 @ = .
dlZ
The detailed derivation of a0 will be given in Appendix A.3. Taking the derivative

of /, with respect to Q, we have

% = [gsing— sin%] [(—%)cosg+ésing+(%)2(%cosg—(—1’sing)] (4-10)
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For I, to be maximum, /; must be minimum. Ideally, for complete mode energy conver-

sion, the first order mode should be vanished. In Eq. (4-9) if /; = 0 we need (Z, = nm.
Substitute g = nn into Eq. (4-10), it becomes
dl 2
2 _ 1 Q[ 9_(2) 9] ]
@ = 4sm4 cos4 p- cos4 4-11)
dly 0 0
For 0 =0, sinz must equal to zero, which requires that i mmn . As aresult,

= nn and Q = mn. Since O is related to Q and V

the conditions for /, maximum are 2

~1Q

we need to consider the following cases.

INl»)

Case 1. = mn, and m = even.

&1IQ

= nx,

With m = even and = nn, Eq. (4-9) becomes

~1Q

I (cosnm — 1)2 (4-12)

Bl—

2=

For I, maximum, cosnm must be (-1), therefore, we need n to be odd, or let

g= 2n-1)n (4-13)

wheren=1, 2, 3,....

2\172 o . .
Since ¢ = 8V2 +Q and i (2n-1)m, we can obtain the corresponding V

value as follows:
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sn-nn = (8% +0%)""

With Q = 4mn, we have
172
v =an[@n-1)2-m’] (4-14)

m+1

For V>0, we need n 2

For example, Whenm =2 and n =2

0 = 4mn = 25.13

172
]

v=dan[@n-12-m’] "=z10

This result confirms with the numerical solution of the optimum parameter set

(0=25, V=10) which excited the second order Bragg diffraction to maximum diffraction.
Case 2. g = nm, % = mn, and m = odd.

With m = odd and g = nn, Eq. (4-9) becomes

(cosn1t+1)2

Bl

1, =
For I, to be maximum, cosn® must be 1, therefore, we need n to be even, or let

= 2nm

~i1Q

wheren=1, 2, 3,....
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If we substitute g— = 2am into G = ( 8V2 + Qz) , we can obtain V as follows:

With Q = 4mn,and 6 = 8nn, we have

1%

1/2
e e 2 (4-15)

For V > 0, the requirement becomes n 2

VI3

For example, whenm =1 and n =1

Q=4mn=13
and

v = ax[eniom?] 211

Also,form=3andn=2
QO =4mn =38
and

1/2
v=udan[@n’-mt] T=1175

Again, these results confirm with the optimum parameter sets of (Q=13, V=7.5) and

(0=38, V=11.5).

Finally, we can conclude that for the second order Bragg diffraction to occur, the Q

and V values must satisfy the following conditions:

Q =4mn

2 2912 m+1
_1°- = >
,ﬁﬂ:[(Zn )" -m ] for m = even and n > 5 (4-16)

V=
172
ﬁn[(Zn)z—mz] form=odd and n 2

(Y
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Both m and n are integers.

In terms of physical quantities the Q value can be expressed as

2
*
o=KL _ 4 (4-17)
nokcosew

The wave numbers of acoustic wave and light beam are k* = (2rn)/A and

k = (2m) /A respectively. Substituting k* and & into Eq. (4-17), we have

me — L (4-18)

- 2
2A nycosB,p
The wavelength of the acoustic wave is A = v/f, where fis the frequency of the acoustic

wave and v is the wave velocity in liquid. The condition in Eq. (4-17) can be alternately

stated as

m = ———sz—zl— . (4-19)
2 )
nyL cosB,p
In addition to the necessary second order Bragg condition, an auxiliary condition, Eq. (4-
19) has to be satisfied for an effective excitation of the second order mode with a pure
sinusoidal grating. Notice that this auxiliary condition is completely independent of index

modulation. For a given L, A, and n, the above condition implies that the second order

mode can be effective excited only for discrete grating frequencies.

The auxiliary condition, Eq. (4-19), is by no mean contradictory to the Bragg dif-
fraction condition given by Eq. (4-5). This can be shown as follows. Rewriting the Eq.

(4-19), we have
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2n,v mcosO
Lf =0 28 (4-20)

In the experimental setup, the light source is a He-Ne laser and water is used as interacting

medium. The wavelength of the laser beam is 632.8 nm, the velocity of the acoustic wave

in water is 1.483 x 10° cm / sec, and the refractive index in water is 1.33. For m =1, which

gives O =4n = 13, Eq. (4-20) becomes

L =9245% 10" cmx HZ (4-21)
The criterion for the second order Bragg diffraction in Eq. (4-8) is then LF 2(cm x M2Hz) =

462 N. Therefore, for Q = 13 and the LF? product above, it has N = 2 which is larger than
the minimum requirement of N 2 1 in Eq. (4-8). This means that in an acoustic-optic sys-
tem, if the criterion for optimizing the second order Bragg diffraction is satisfied, then the

criterion for Bragg diffraction is automatically satisfied.

knlL

05628

From the definition of V = , for a given m value, one can choose n, to sat-

isfy Eq. (4-16). Since n, relates to the pressure of the transducer, one can adjust the acous-

tic power output to furnish the required pressure.



Chapter 5

Experimental Measurements for Bragg Diffraction

5.1 Introduction

In this chapter, the experimental setup and the measurement procedures are
described, and the experimental findings for verifying the Bragg diffraction are presented.
The experimental verifications include the intensity distribution of the diffraction mode
with various acoustic amplitudes, acoustic frequencies and incident angles of the light
beam. The results show that when the incident angle equals to twice of the Bragg angle,
the second order diffraction can be exited to its maximum intensity at several particular
sets of system parameters. Comparing the angular sensitivity of the diffraction modes, the
second order diffraction provides a sharper angular resolution than the first order mode. In

general, the experimental results agreed with the theory qualitatively.
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5.2 Experimental Measurement System

A proto-type system for observing the acousto-optical interaction has been designed
and constructed at the MSU Ultrasonic Laboratory. The acoustic wave is generated in
water which diffracts the incident laser beam. The full range of Bragg diffraction can eas-
ily be observed at a range of acoustical frequencies (6 to 30 MHz). The coherent light
source provides a well collimated beam for the interaction. A block diagram of the mea-
surement setup is depicted in Fig. 5.1(a). The acoustic cell shown in Fig. 5.1(b) is made of
a plexiglass measuring 27 x 10 x 13 cm. A quartz transducer is mounted on one side of
the acoustic cell. Four different transducers are used in this experiment. The transducers
have a fundamental frequency of 5.8 MHz, 8.8 MHz, 17 MHz and 20 MHz respectively,

but they can also be excited at their odd harmonics.

The acoustic signal is generated from a R.F. generator (Model 191 constant ampli-
tude signal generator TEKTRONIX, Inc.), and then amplified by a R.F. power amplifier
(Model 310L ENI Inc.) to attain a maximum power of 15 watts before triggering the trans-
ducer. The diffraction output is detected by a photo detector (Model 115-9) and power
meter (Model 40 optometer made by United Detector Technology). A rotator which sup-
ports the acoustic cell is used to vary the angle between the incident light and acoustic
beam. The laser source is a 20 mW He-Ne laser. An acoustic absorber is placed at the end
of the acoustic cell, therefore, all of the transmitted acoustic signal after the interaction
region will be completely absorbed such that no standing wave exists in the interaction
region. The transducer is placed on one end of the cell. Since the transducer is submerged
in water, the heat generated by the transducer during high power operation will be diffused

by the water without overheating the transducer.
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Figure 5.1(a) Block diagram of the measurement system.
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Figure 5.1(b) A plexiglass water tank for observing acousto-optical interaction.
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5.2.1 Network for Acoustic Impedance Matching

Since the impedance of acoustic transducer and the output impedance of the r.f.
power amplifier vary as function of operating frequency, to maximize the acoustic output
of a acoustic beam it is necessary to match the impedance between the transducer and the
r.f. power amplifier by using a matching network. Figure 5.2(a) shows an electrical repre-
sentation of the acoustic transducer. The capacitance Cy is the transducer capacitance and
R, is the real part of the impedance which represents acoustic power flow into the
medium. The technique of impedance matching of acoustic transducer is well reported
[37]1~[39]. A T-matching network shown in Fig. 5.2(b) is chosen to put between the trans-
ducer and the power amplifier. There are many possible ways to match the acoustic sys-

tem, however the reason for choosing the T-matching network is as follows. The theory of

matching networks!“"! states that only two reactive elements are required to match the
input and output resistances of two interfacing system. But, one needs to add a third ele-
ment. The reason is that one element of the T-matching network can be assigned a value
arbitrarily, and the other two components can be determined accordingly. From such a T-
matching network, it is rather easy to accomplish the matching at hand. Since we have
several transducers that need to be matched to the r.f. power amplifier over a wide range of
operating frequencies a simpler and more flexible matching network should be used. The
T-matching network can provide the functions required for the acousto-optics system. A
T-matching network (Made T-1000, Tucker Electronics Inc.) is used in our experiment.
By using the T-1000 matching network, the power transferred to the acoustic transducer
can reach 75% ~ 85% of the input power. On the other hand, only 25% ~ 35% of input
power is transferred to the acoustic transducer, if the matching network is not used. For
such a poor transmitting efficiency, the eventual interaction would be too weak to be

observed.
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Figure 5.2(b) T matching network.
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5.3 Experimental Results

Several experiments were performed to verify the simulation results obtained in
chapter 3. The pure sinusoidal grating was established by an acoustic transducer, while
the incident light source is from a He-Ne laser. For the sake of comparison of various
mode intensities, the measured irradiance of each mode is normalized with respect to the

total transmitted irradiance.

Experiments were performed in a way that the results can be compared with the the-
ory developed. To make quantitative comparison, the gratings were established by differ-

ent acoustic transducers. In the experimental setup, the wavelength of the laser beam is A

= 6.328 x 107 cm, the acoustic velocity in water is v = 1.483 x 10° cm / sec and the refrac-

tive index in water is n = 1.33. With these parameters, the Q value is found to be

0=1359x10"./.L (5-1)

where f is the acoustic frequency and L is the width of the acoustic beam.

5.3.1 Bragg diffraction with various v and Q value

The first experiment was performed to observe the maximum diffraction as a func-
tion of V value. An acoustic transducer, which operates at a fundamental frequency of 5.8
MHz with 2.54 cm beam width, was driven at its third harmonic of 17.4 MHz. With f =
17.4 MHz and L = 2.54 cm, the Q value becomes 10.5. Using this setup with the double
Bragg incident angle a = 1, Fig. 5.3(a) shows the diffraction efficiency with various inten-
sities of the acoustic beam. In Fig. 5.3 the solid curve represents the theoretical result,
while the “0” curve indicates the experimental result. A separate experiment was per-
formed by using an acoustic transducer having a fundamental frequency of 17 MHz and

3.175 cm beam width. With an acoustic frequency of 17 MHz and beam width of 3.175



84

cm, the Q value becomes 12.5. Included in Fig. 5.3(b) are the theoretical and experimen-
tal results for Q = 12.5. It can readily be seen that the experiment result of the second
order mode is a function of V. For Q = 12.5 and V approaching to 6.5 the second order dif-

fraction reaches a maximum.

It can generally be said that the experimental results agree with the theory well. The
experimental result of the first order diffraction is very close to the theoretical prediction
which shows that the intensity starts decreasing when the incident angle is approaching
twice of the Bragg angle. The intensity of the second order is 30% lower than we
expected. This could due to surface reflection on the imperfection of the experimental

setup. However, it is strong enough for practical application.

The next experiment was performed to observe the maximum diffraction of the sec-
ond order interaction as a function of Q. It is more difficult to observe the diffraction in
various Q values, since this experiment needs a wide range of acoustic frequencies to pro-
vide different Q values and we have only a limit of transducers available. However, each
transducer can still be driven over a narrow range frequencies around its central frequency,
enough data were collected to show the diffraction effects. However for each frequency
we need to compensate the diffraction intensity by power spectrum distribution of the
individual transducer. Figure 5.4(a) shows the experiment result of the first order diffrac-
tion with various Q values. Since the Bragg angle is a function of the acoustic wave-
length, for each acoustic frequency the Bragg angle will be different. Therefore, at each Q
value, the incident angle was optimized to achieve maximum diffraction in the first order
interaction. The result indicates that when Q is large, the first order diffraction becomes
very efficiency. This means that higher acoustic frequency and wider acoustic beam pro-

vide higher diffraction efficiency in the first order Bragg diffraction.
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Figure 5.3(a) First and Second order diffraction intensities versus V
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86

- Theoretcal

*  Expenmental

" I " " 2

10 20 25 30

(a) o5

(13

15
Variable Q

0.9} - : Theoretcal 4

. Experimental

(®)

(]
+

(o] 5 10 15 20 25 30
Vanable Q

0.3 - : Theoretical b

0.2 ..*.. . Expenmental 4

C N N N .
( ) ° S 10 15 20 25 30
Vanable Q

Figure 5.4 (a) The First order diffraction versus Q with V =3 and a = 0.5.
(b) The second order diffraction versus Q with V=6.5and oo = 1.
(c) At each Q the acoustic amplitude was optimized to achieve
maximum power in the second order with a=1.
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For the second order diffraction, the experiment result shown in Fig 5.4(b) illustrates
that the maximum diffraction efficiency is very sensitive to the Q values. In this experi-
ment the V value is set to 6.5 and the incident angle is optimized to a = 1. The diffraction

I, is driven to maximum when Q approaches 12.5.

From the theoretical prediction in Fig. 3.5(c), the maximum diffraction /, is also
related to the intensity of acoustic beam V. Therefore, we repeated the experiment with
optimizing the acoustic amplitude to achieve maximum power in the second order at each
0, and the result is shown in Fig. 5.4(c). The experiment result indicates that when inci-
dent angles ar; at double of the Bragg angle, the second order diffraction becomes very
strong. Unlike the first order, the maximum second order mode only appears in certain Q
values which can be obtained by adjusting the acoustic frequency and beam width. A

rough check confirmed that the criterion of the Q value for the maximum second order is

very close to Q = 4mmn (m is integer).

5.3.2 The Bragg diffraction with various incident angle

In this section, the experiments describe the diffraction modes with different incident
angles. An acoustic transducer with Q =12.5 (17 MHz acoustic frequency and 3.175 cm
acoustic beam) was used in the experiments. The acoustic amplitude was optimized to

obtain the maximum diffraction in the first and second order mode. With the frequency f=
17 MHz and the velocity of acoustic wave in the water v = 1.483 x 10° ¢m / sec, the wave-
length of the acoustic wave is 8.72 x 10 crm. With these physical parameters, the theoret-

ical Bragg angle 0p is predicted to be 0.208 °, and the double Bragg angle 6,5 equals to

0.416 °. From the definition o = I§ - sin@, the a equals to 0.5 for 8 = 0.208 °, and

equals to 1 for 6,5 = 0.416 °. Figure 5.5(a) shows the intensity distribution of the first
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order with various a. From the experiment result, when the incident angle approaches

0.185° (equivalent to e = (.44), the first order diffraction is driven to maximum intensity.

The Bragg angle 6y used in the experiment is very close to the theoretical Bragg angle.

Figure 5.5(b) indicates that the incident angle which drives the second order diffrac-

tion to maximum power is 0.371 © (equivalent to & = 0.88). The value of the double
Bragg angle found in the experiment also closely confirmed with the theoretical predic-
tion. Observing the experiment result of the first and second order shown in Fig. 5.5(c),
the response of the second order diffraction is more sensitive to the angular variation of
the incident light. For imaging application purpose, the second order diffraction should

provide a better angular resolution than the first order diffraction.

From the experimental results, we can conclude that when the incident angle equals
to twice of the Bragg angle, with proper system setup, the second order diffraction can be
strongly excited and a better angular resolution can be achieved. The limitation of the sec-
ond Bragg diffraction is that only certain optimum parameter sets in the system setup can
provide the maximum diffraction. But for the first Bragg diffraction when Q is large

enough, the first order diffraction can always be excited to its maximum intensity.

Another interest property of diffraction observed is that the angular sensitivity of the
diffraction is proportional to the Q values. Three Q values, 5.8, 12.5 and 19 were used to
check this property. Figure 5.6 shows the intensity distribution of the first order mode
with various a values. In order to compare the mode intensity distribution, the maximum
diffraction of each data set is normalized to unity and the location of the peak value is

shifted to & = 0.5. The result shows that the 3 dB bandwidth of /, for Q = 19 is only one
third of the bandwidth of /, for Q = 5.8. With this property, the Bragg diffraction can pro-

vide a higher angular resolution in large Q values. A rough check confirmed that the sec-

ond order Bragg diffraction also have the same property.
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All experiments we performed were up shifted interaction. This means that the inci-
dent angle between light beam and the normal of the acoustic beam has positive value, and
the diffractions appear in plus order diffraction. For the incident angle is negative, the dif-
fractions are down shifted interaction, and minus order diffraction will appear strong. All

the down shifted interactions will be symmetrical to the up shifted interactions.



Chapter 6

Application of Acousto-optic Interaction

6.1 Introduction

From previous discussion it is clear that an acoustic cell may be used to modulate
light by applying Bragg diffraction theory. In recent years, many Bragg diffraction appli-
cations have been investigated, including acousto-optic modulation, Bragg diffraction
imaging, optical signal processing, television projection, light deflection, frequency shift-
ing, the guided wave effect, acoustic velocity measurement, Q switching, and mode lock-
ing in lasers.[41159) Some products are already on the market. Newport Electro-optics
Systems Inc. offers acousto-optic (AO) modulators, AO beam deflectors, AO mode lock-
ers, a Q-switching system, and a 2-D beam projector all based on Bragg diffraction theory.
However, most of the applications utilize the first Bragg diffraction. By applying the sec-

ond Bragg diffraction, greater resolution can be achieved.

In this chapter a Bragg diffraction imaging system was designed and performed.
Imaging resolution for the first and second orders are observed. Imaging quality for dif-

ferent acoustic frequencies and beam widths are compared.
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6.2 Acoustic Imaging base on the Bragg Diffraction

One useful application of Bragg diffraction is the acoustic imaging. The technique
of acoustic visualization has potential applications in nondestructive testing of materials
and medical diagnostics./®®) Korpel(611-64] was the first to show that acoustic Bragg dif-

fraction possesses image-translation properties. The basic diffraction imaging method

was also independently developed by Tsail®167) and Wadel681199] for different applica-
tions. Itis possible to use pulsed sound and pulsed light sources to improve the usefulness
of Bragg diffraction imaging by providing range gating to achieve the depth discrimina-

tion.! 7!

A brief description of Bragg imaging theory is given below. Figure 6.1 shows that
the interaction between the waves emanating from a point source S of single frequency
sound and a point source O of monochromatic light produces diffracted light that appears
to come from a point O’; a virtual image of the sound sources but one that is visible to the

eye. For a number of sound sources S, S5, 3, etc., the virtual image points 0,’, 0,’, 05’,

etc., form a corresponding pattern. In this translation process, amplitude ratios and phase

angles are preserved and an acoustic field is transformed into an equivalent optical field.

For the first order Bragg diffraction imaging, the angle between incident light ray
and acoustic beam equals the Bragg angle 0g, and it may also be shown that OSO’ is an
isosceles triangle with apex angle equal to 205 This affords a convenient construction for
locating virtual images which has been used in Fig. 6.1 in order to illustrate the image

transformation properties. As Op is usually a small angle, we can see that the imaging

involves a rotation of close to 90°. This is the reason why with this technique it is very

convenient to obtain an image of a cross section perpendicular to the propagation direction
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Figure 6.1 Acoustic rays from source § interact with optical rays from
source O to form new light rays, which seem to come from O’,
a virtual image of S.
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of the acoustic wave. The imaging process involves a demagnificated factor M which

equals the ratio of light wavelength to sound wavelength, i.e. M = 2sin 98 = %

In optical microscopy, resolution is limited by the numerical aperture (the sine of
one half the angle formed by the most divergent rays that the optical system accepts from
object) and the wavelength of the light. In acousto-optical imaging, the same rule applies.
We must substitute the wavelength of the acoustic wave for that of the light and consider
the angle formed by acoustic and optical rays. Therefore, the minimum resolvable detail
is limited to 1/M times the size of the point source of light, and this cannot be smaller than
half a wavelength of acoustic wave divided by the numerical aperture of the incident light
beam. For higher acoustic frequency, the wavelength of the acoustic wave is shorter, and

this provides a better diffraction imaging resolution.

For the second order Bragg diffraction imaging, the imaging process is the same as

above except that the Bragg angle O is changed to the double Bragg angle 6,5 There-

A .. .
—, and the minimum resolvable detail is one

fore, the demagnificated factor M equals to 2 A

half of the first order. This means that the imaging resolution by the second order Bragg

diffraction is twice that of the first order Bragg diffraction.

6.2.1 Experiment Facility and Measurement System

A diagram of the measurement system used in our experiment is shown in Fig. 6.2.
Figure 6.2 shows that a He-Ne laser beam is expanded in diameter by the telescope

formed by spherical lenses S and S5, then the beam size is controlled by the aperture. A
cylindrical converging lens, C, forms a vertical wedge of light which passes through the

acoustic field and comes to a line focus at P which is perpendicular to the plane of the
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Figure 6.2 Experimental setup for Bragg diffraction imaging.
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paper. When the light beam within the acoustic cell interacts with an acoustic wave, the

Bragg diffracted images which include the information of the acoustic pattern appear at

O* and O respectively, where the ‘+” corresponds to the Doppler up shifted light and the

‘-’ corresponds to the Doppler downshifted light.

For imaging in the direction vertical to the paper there is no demagnificated
involved. A cylindrical projecting lens C and a cylindrical aspect-ratio correcting lens C3
compensate for the horizontal demagnification inherent in this imaging process. While
the imaging in the horizontal direction (and thus the resolution in that direction) depends
on the angular selectivity of Bragg diffraction, the imaging in the vertical direction is
essentially a shadow of the acoustic wave cross section in the region of the acousto-optic
interaction. Therefore, the vertical resolution improves as object is moved away from the

transducer and toward the light beam, while the horizontal resolution is unchanged.

Since we need the diffracted image to be focused on the screen, the projection lens

C, may have a shorter focal length than lens C;. Also the positions of C,, C3 and the
screen distance must be properly chosen. By changing the position of C,, different acous-

tic cross sections can be brought to a focus on the screen. The undiffracted beam and one
of the images are removed by a masking stop. The other diffracted image is projected to
the screen. A video camcorder, RCA pro 807, is used to line in the imaging signal, and the

signal is captured by a video capture card added on the PC computer.

Two transducers with different beam size and acoustic frequencies are used to com-
pare the imaging results. The first transducer has a fundamental frequency of 5.8 MH:z
with 2.54 ¢cm diameter for beam size but is driven at its third harmonic at 17.5 MHz. The
other one has a fundamental frequency of 20 MHz with 3.175 cm diameter for beam size.
For each transducer, the incident angle and the acoustic amplitude were optimized to

achieve maximum power in Bragg interaction.
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6.2.2 Experimental Result of Bragg Diffraction Imaging

In this section, six experimental samples shown in Fig. 6.3 were used as imaging
objects for Bragg imaging interaction. Four of the samples are round aluminum washers.
The biggest one has a 18 mm outside diameter and an 8 mm inside diameter. The smallest
one has a § mm outside diameter and 3 mm inside diameter. The width of the aluminum
washer is 5 mm for the biggest one and 1mm for the smallest one. Another object made
by steer material has a star shape and has a 1.2 mm width for each star side. The last
object is cut from a thin copper sheet with the characters “MSU” and has a 2 mm width for

its line shape.

Three acoustic imaging experiments are performed. One experiment compares the
imaging resolution of the first order Bragg imaging with that of the second order mode.

The others analyze the imaging resolution with various acoustic frequencies.

The first imaging experiment used a 17.5 MHz acoustic transducer with a diameter
of 2.54 cm. Four washers were used for comparing the imaging resolution to the first and
second Bragg diffraction imaging. The imaging results are shown in Fig. 6.4. Figures 6.4
(a) ~ (d) are the first order Bragg images of the four washers and figures 6.4 (e) ~ (h) are
the second order Bragg images. For the biggest washer, there is a little difference between
the first and second Bragg images. However, when the object (washer) size is reduced, the
resolution difference between the first and second Bragg images becomes evident. For the
smallest washer, the inside circle of the washer in the second order Bragg image, Fig.
6.4(h), can be distinguished while only a small spot shows up in the first order Bragg
image, Fig. 6.4(d). It is clear that the second Bragg diffraction provides a better imaging

resolution than the first Bragg diffraction.



Figure 6.3 Experimental samples for imaging objects.



Figure 6.4 The first and second Bragg diffraction imaging for four round wash-
ers with acoustic frequency f = 17.5 MHz and beam size L = 2.54
cm. (a) ~ (d) show the imaging result by using the first Bragg dif-
fraction, and (e) ~ (h) show the imaging result by using the second
Bragg diffraction.
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The next experiment shows that the imaging resolution is proportional to the acous-
tic frequency and the width of the acoustic beam. The “MSU” shaped object was used to
demonstrate the first Bragg imaging interaction with two different acoustic frequencies.
The imaging results in Fig. 6.5(a) were produced by using acoustic frequency f = 17.5
MH?z and beam size L = 2.54 cm (which gives Q = 10.5). The images shown in Fig. 6.5(b)
were produced by using f=20MHz and L = 3.175 cm (Q = 19.2). Comparing Fig. 6.5(a)
and (b), it is obvious that the image in Fig. 6.5(b) has a better imaging resolution than Fig.
6.5(b). This means that higher acoustic frequency and wider acoustic interaction area pro-

vide better Bragg imaging quality.

Figure 6.6 shows the star object imaging results using the second order Bragg dif-
fraction. In this experiment, the system setup is the same as the previous experiment but
the acoustic amplitude and incident angle of light were optimized to produce a higher dif-
fraction intensity of the second order mode. From Fig. 6.6(a) to 6.6(b), operating fre-
quency and interaction region length are both raised. The outside of the star shapes from
the Bragg images in Fig. 6.6 (a) and (b) are both clear and sharp. However, the inside of
the star is less clear in Fig. 6.6(a) than in Fig. 6.6(b). This means that with a higher Q
value, the second order Bragg diffraction imaging method also provides better imaging

resolution.

From above results, one can conclude that the final Bragg image resolution is
directly proportional to the acoustic frequency. Therefore, it is desirable to use the highest
possible operating frequency. However, for medical diagnostic applications, biological
materials generally have higher attenuation at higher frequencies, so it is not practical in
medical applications with high acoustic frequency. Using the same acoustic frequency,
second order Bragg imaging should provide a better imaging resolution than the first order
Bragg imaging. Based on this result, the second Bragg diffraction has high potential in

medical diagnostic applications than the first order mode. Another useful application of



Figure 6.5 The first Bragg imaging with MSU shape in different acoustic frequen-
cies. (a) Bragg imaging by using f = 17.5 MHz and L = 2.54 cm. (b)
Bragg imaging by using f=20 MHz and L = 3.175 cm.



Figure 6.6 The second Bragg imaging with STAR shape in different acoustic frequen-
cies. (a) Bragg imaging by using f=17.5 MHz and L = 2.54 cm. (b) Bragg
imaging by using f=20 MHz and L = 3.175 cm.
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Bragg imaging is in the area of nondestructive material testing. Since acousto-optic inter-
action can provide real-time capability and high resolution properties, it should be a pow-

erful technique for nondestructive evaluation.



Chapter 7

Conclusion and Suggestion for Future Study

7.1 Conclusion

In this dissertation, the second order Bragg diffraction of an acousto-optic interac-
tion has been investigated in detail by using the partial wave approach. The intensity of
light diffraction waves passing through the acoustic field are governed by a set of differ-
ence-differential equation. The numerical simulations are obtained for various acoustic
frequencies, acoustic pressures, and incident angles of the light beam. The criteria of the
optimum system parameter sets (Q, V) which provide a maximum second order Bragg dif-
fraction are established. These results indicated that when the incident angle equals to the
Bragg angle, with V = (2n- 1) &, n being integer number, the first order Bragg diffrac-
tion can be strongly excited at large Q values (high acoustic frequency and wide acoustic
beam width). However, for optimal excitation of the second order Bragg diffraction, the
incident angle must equal to twice of the Bragg angle, and only a discrete range of Q and

V values can provide the maximum second order Bragg diffraction.

The experiments were designed and performed to verify the theory developed.

These experiments include the intensity distribution of the diffraction mode with various
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acoustic amplitudes, acoustic frequencies, and incident angles of the light. The experi-
mental results agreed well with the theory developed. Finally, acoustic Bragg imaging
experiments are performed. The image resolution of the first and second order mode are
compared, and the images with various acoustic frequencies are analyzed. The image
results indicate that the second order Bragg image provides better image resolution than
that of the first order mode. In addition, the Bragg image resolution is directly propor-

tional to the acoustic frequency and acoustic beam width.

The advantage of the second Bragg diffraction is that the second order Bragg diffrac-
tion provides a double Bragg angle to deflect diffraction light, and a double frequency
shifting to the diffraction light. In addition, the angular sensitivity of the second order dif-
fraction light is better than the first order mode. Therefore the acoustic Bragg imaging of
the second order mode can provide a superior imaging resolution than that of the first
order mode. Also, in light deflection system, the number of resolvable spots of the second
order Bragg diffraction are better than that of the first order mode. The drawback of the
second Bragg diffraction is that the system parameters required to excite the second order
mode are more critical than that of the first order mode, and this makes a little complicate

requirement in application of the second Bragg diffraction.

7.2 Suggestion for Future Application

Acousto-optic interactions are useful in AO modulation, light deflection, frequency
shifting, and Bragg diffraction imaging. Therefore, there are many topics to pursue in
future applications. For example, in the imaging application, the acoustic Bragg image
could be a powerful tool to the nondestructive evaluation of materials. For real-time
imaging, a pulsed Bragg diffraction system by using the second order Bragg diffraction

would be a good topic to purpose in evaluating the internal damage structure of composite
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material. In addition, high power solid-state laser sources have become available in recent
years due to the advancement of laser technology. By using such diodes as laser beam
sources, the proposed method of acousto-optical interaction could lead to a way of provid-

ing the possibility of low-cost, portable and real-time imaging systems.
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Appendix A

A.1 The Solution for The First Bragg Diffraction

To evaluate the intensity of the first order mode, let us consider the coupling between

¢ and ¢, modes. From difference-differential equation Eq.(2-45), we have

doy v
@ ah =

(A-1)
do

LV, 0,
7 tarf = i (172000,

Equation (A.1-1) can be solved by using Laplace transformation. Putting this set of

equations in matrix form, Eq. (A-1) becomes

Pl - | C’] ﬂ (A
9, —Cl C2 <')I

1%
where C 1 = 3L

-iLa-
C, = ix5 (1-20) .
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For a Linear system,lzo] one can solve a set of difference-differential equation by

using the Laplace transformation technique. For a system [X] = [A] [x] , the solution is

X (z) = eA?X 0> where X is a initial condition, and the €7 can be presented as

=gt oa] -

Applying this approach to Eq. (A-2) we have

% (D] _ e € [¢,-,,C] _ [e1%inc (A-3)
9, (2) €21 €22|L O €21%nc

where ¢, is the mode amplitude of incident light at z = 0, and

s-C 7
_o| 2
€., = A S —— A-4
n g‘ s2~sC2+C% (A
[ -C ]
—cp-l 1
€, = _— . (A-5)
21 g _sz—sC2+C%J
From the table of the Laplace transformation””, we have
2 -1&wrt
w we . 2)
5 5 & 2sm(wt 1-&7 ) . (A-6)
s +2Ews+w ,/1_53
C

2
Letw = C, and § = 3¢, the Laplace transform pair becomes as follows
1
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¢,
-2
1 C? ¢=>—1- Clez sin| C 1——C—§z
C 2 C ) 1 2
1 5 -Cys+C, 1 c, 4C,
)
4Cl
2
2
2 2. a-20 2
wherel—-—2=1+4L _4V+(1-20) Q
ac? 4v_2 av?
aL®
1 2
2 C
let G = (4v2+ (1—2a)2Q2) then [1-—2% = S
2 2V
4C,
Finally, Eq. (A-5) becomes
izz(l—za)l
e =—e——sin(9—2)
21 o aL") -
2V
Then,
N
i=(1-2a)z
4L V.[(o
6, =€y 0, = -2e 851n(z)¢inc atz=L.

where 6 = (4V2+ [0 (1-20)]12)1/2 .

Finally, the first order mode intensity I; at z = L becomes

. . Ao
11 = ¢1'¢] = '0_25111 (Z)Iinc .

(A7)

(A-8)

(A-9)
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= . *
where linc - q>inc Pine

Similarly, one can obtain ¢((z), and the zeroth mode intensity Iy atz = L is

oy
L
I
|N
w
— o
=
N
VR
&I1Q

oume = 1-1, - (A-10)

A.2 The Solution for The Second Bragg Diffraction

To evaluate the intensity of the second order mode, let us consider the coupling

between ¢, ¢, and ¢, modes. From difference-differential equation Eq.(2-53), we have

(ddy v

rrARETAI I

Jdéy Q A-11
-+ (99=0y) = iy (1-20)0, (A-1D)
do, vy

[ 200, Yy o201
@ tah T 1m0

Following the similar procedure in solving the first order mode, we have

P~ 2 2 —
_ s -s(C,+Cy) +C,C+C
e =31 — 273 23 21 _ (A-12)
57 -5 (C,+Cy) +s(C2C3+2C1)+C3C1J
: -C,(s-C,) 7
en =[5 T (A-13)
575 (C,+Cy) +s(C2C3+2C1)+C3CL
[ 2 7
C
- 1
€, = (A-14)
n =&
=52 (Cy+ €+ €,05+ 267 )+ C4C
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| %
where Cl = 2_L
C2 = 12—1-‘(1 -20)

C3 = iZ—LQ(l—a) .

Since we are interested in second order Bragg diffraction for maximum excitation of

A .
—, and this means o equals to one

the second order mode, the incident angle is 6,, = A

[see Eq.(2-25)]. Therefore, with a =1 the C’s become

%
C, =355
- -2
C2= Dy
Cy=0

For solving e, for a = 1, Eq. (A-13) can be reduced as follows

C

en =47 5 ! : (A-15)
2¢?

s —C2s+

From the Eq. (A-6), we have the transform pair

2 ~1&wt
—" 2@“ sin(wn/l—éz) : (A-16)
s +2Ews+w ,/1_5,2

Letw” = 2C7 and 28w = -C,,

then

v
w=ﬁC1=.ﬁﬁ



113

E = 2 _ i—2
2w 2.2v
1
[2_ 1 1( 2 2))2
1-§ = 2V(2 8V +Q
then, substituting w, £, and N1 — &2 to Eq. (A-15) and Eq. (A-16), we have
2
SRR Be = Y B
21 T Thc.
260 % | ocys+2c?
Q0 sV
i o TV !
_ 1 2C,e - ﬁ11(1(8V2+Q2))2Z
2C1L(1(8v2+Q2))1/2~ e
2V\2
Y
—-i== 2z
= -—e——4L 2Vsin(£z)
B c 4L
1
232
where 0 = 8V2+Q .
Then, the ¢y atz=Lis
-0

-l =

V 4 (o
01 = €310 = (Dze ‘sin($) 0,
Therefore, the intensity of the first order mode is

ZINEE
ll = ¢| '¢l* = 4;551" (Z)IHIC

(A-17)

(A-18)

(A-19)
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For solving e3, for o = 1, Eq. (A-14) can be reduced as follows

2C2
_ lep1| 1 \
€3 = 53 [s ] :

(sz-C2s+2C1)

From the table of the Laplace transform, we have the transform pair
- . 2
Wl e éW’sm(w 1-§& t—\u)

1
s(s2+2§ws+w2)<=> ! ,/1_52
where y = atan( ‘]_gz].

=&

Let w2 = ZC? and 2&w = —C,, then

2L
¢, o
i i EWAL
1
2 1 2 2)2 1
J1-E% = 8 .
¢ 2J§v( Y +Q) 2./§vc

o Q%)

= tany = (za ic
. _(_O

= siny (2./§v) 0

= cosy = (-i) Z%V

172
where(Q2 - 0'2) = 2.2V

(A-20)

(A-21)
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Substituting w, , &, and N1 -2 to Eq. (A-20) and Eq. (A-21), we have

€3 =

0
2,2v AL’ (o )
1+ S e sin nz—w . (A-22)

N —

Since sin (v B) = sina - cosP £ sinf - cosa, then

Sl"(41, )_ =

Substituting Eq. (A-23) into Eq. (A-22), e5, becomes

cos( z) . (A-23)

,,%V (40) zﬁv

1 41_ Za.2v _

€3 = 5 l1+e S [ ‘Z»ﬁV 'n(% ) 2'ﬁvcos( Gz)] . (A-24)

N

Then, the ¢ atz=L is

031 = €310, = 3 1—e (igsin(g)+cos(g)) 0 (A-25)

Therefore, the intensity of the second order mode becomes as follows

— . * . *
Iy = 03,03, = e3,-e5y* 1,

= }1 1 —e- 4-(i%sin(g) + cos(g)) 1 —eig( (=) %Sin(g) + cos(g)) (A-26)

2 2
_1(_(0 o 0 9(9)2.9 9))
=3 1 26sm4 4 20034cos4 p sin 4+cos 2 Iinc

)
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Since

2 y, . . 2

(cosx —cosy) + (; (sinx — siny) )
2 2 2
= l—2§sinxsiny—2cosxcosy+(i) sin x + cos x

I, can be represented as follows

_ 0O 2)2 (Q-g_~<_2.)2 )
I2 = 4(cos4 cos4 + osm4 sm4 II.M. (A-27)

For solving intensity of the zero order mode with a = 1, Eq. (A-12) can be reduced

as follows

I 2 2 2 2
Coep| S -2C,+C ept (s —sC2+2C1)—C1
‘1 -g s3-C,s2+2C3%s —g 2 2
i 2 1 s| s —C2s+2C1 (A-28)
_op1rl -
=g _;]“’31 = 1-¢j
and
P = €11%inc - (A-29)

Therefore, the intensity of the second order mode at z = L becomes

10 = ¢0.¢0* = %[(cos(g)+cos(%))2+(%sin(%)+ sin(%))z]llm. (A-30)

Finally, we have

_ [ 0O Q)2 (Q-g -2)2]
IO = 4[(c0544~cos4 + osm4+sm4 Il.nc
2V . 612
Il = [FSan] linc (A-31)
1 o_ 2)2 (Q 0 Q)z]
12--4|:(cos4 cos4 + Gsm4 sm4 I‘.nc
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where

[N T

(8V2+Q2)

a = (—no)kli*sine =1

Q
Il

0 = k*zL
B ngkcos O
y knlL
~ cosO
L. dl,
A.3 The Derivation of 70

From Eq. (A-31), we have

_1 o_ 2)2 (Q-g_ ~ 2)2]
12—4[(c0s4 cos4 + osm4 sm4 Iinc

2\172 dl,
where ¢ = 8V2 +Q . Let I, = 1, therefore 0 can be represented as follows

2—3 = %[(cos:—:— cos%)(f1 + %sin%) + (%sin%— sin%)(ésing +Qf2—%cos%)]
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Since o includes parameter Q, we need take a derivative of ¢ with Q. Then

1

_0
Withd—o f1 and f, become
dQ’ 1 2

fi = dQcos(-’ = ( l)sinf—:zz = (-}J%sing

_ d( g 9)_ 119 o 104 9_2(1 o_1 9)
f, = a0 o sing )| =0 gEcosy 62051n4 = 2 16057~ gSing
dl
Substituting f| and f, to@ , we have

&

_1ry( o Q)(-Q_Q-g) (Q-g_-Q)

= 2[4(COS4 COS4 sin 0_81[14 + 0’Sln sm4
2

1.0 Q_(l 9_1-9)_1 Q

(Gsm4+02 4COS4 681!14 40084
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