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Abstract

In this work, introducing the relation between peak phase delay (o) and laser intensity at
different values of Klein—Cook (Q) of the fourth order of diffraction, a numerical model was
obtained to describe the light-sound interaction in the LiNbO3 crystal in absence of feedback.
Mean while, the relations between laser intensity with the acoustic frequency, values of (Q)

parameter and laser incidence angle.
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Introduction

The Acousto-optic (AO) effect is the
diffraction of laser beam by sound waves, was
first predicted independently by Brillouin in
1921[1,6]. This effect can be described
qualitatively as follows: an ultrasonic wave
propagating through a solid or liquid may
locally cause compression and rarefaction to
the medium. This compression and rarefaction
is known as a photo elastic effect, which may
induce changes in the refractive index of the
medium.

Periodically  alternating layers  with
different refractive indices are thus formed in
the medium, since the ultrasonic sound wave is
sinusoidal in nature. These layers move at the
velocity of sound and are separated by half the
acoustic wavelength. When light is incident at
a certain angle, called Bragg angle, onto a
medium and propagates through the above-
mentioned periodic structure, this is known as
Bragg diffraction [2].

The acousto-optic modulator consists of a
small block of crystal or glass to which a
piezoelectric transducer is bonded. When a
voltage waveform is applied to the transducer,
a traveling acoustic wave is generated within
the acousto-optic medium. In this state, the
AOM can be used to deflect, diffract,
modulate, or otherwise manipulate a coherent
light beam such as that supplied by a laser
[2,7,8].

This paper presents a simple acousto-optic
(AO) interaction without feedback.
Mathematical and analytical models describing
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the AO interaction were studied and
differential equations were numerically solved
using MATLAB.

Modeling the Acousto-optic Phenomena
with Wave-Vector Diagrams:

The model of acousto-optic interactions
considers the physics of collisions between
light photons and sound phonons. As in
classical collisions, momentum must be
conserved when both photon and a phonon
collide. The conservation of momentum can be
expressed mathematically as [3]:

hk+1 :hko +hk

Where, h = h/2n (h represents Planck's
constant), and k . ko,and K represent the

wave vectors of scattered light, incident light,
and sound, respectively. Dividing by h gives

k+1:k0+k ................................

Likewise, applying the law of conservation
of energy to a photon-phonon collision results

Where, w:+1, wo, and Q are the angular
frequencies of diffracted light, incident light,
and sound, respectively. The diffracted light is
up-shifted by the frequency of the sound,
which accounts for the positive subscript of
the diffracted wave vector. Downshifted
diffraction is developed similarly. The
conservation of momentum equation and
energy equations for downshifted diffraction
are



and
w

_1:®O—Q ...........................

respectively.

These relationships are illustrated with ray
diagrams in Figs. (1a) and (1b). Because
lko| » |K] in all practical cases, the wave vector
triangles are nearly isosceles. Given this
geometry, it is clear that for the interaction to
produce a diffracted order, ki1, Ko, and K must
be related by a certain critical angle, labeled
0y in the wave vector diagrams. This angle is

called the Bragg angle and is seen to be :

0 = sin‘l(Lj :sin‘l(i)
2k, 27

The wave vector diagram illustrates
so-called Bragg diffraction, of which the
defining feature is the creation of a two
diffracted orders of light as shown in Fig. (2).
In order to facilitate the classification of

acousto-optic  devices, the Klein-Cook
parameter, Q, has been defined as:
K?L 2miL
= S s (7
Ko Al

Where A and A are both referenced inside of
the acousto-optic medium and L is length of
the crystal. A device is said to be operating in
the Bragg regime for Q > 1.

The Plane Wave Interaction Model

A more complete mathematical model of
acousto-optic interactions than either the
diffraction grating or wave-vector diagram
representations is the multiple plane wave
interaction model. The theory represents the
light and sound fields as plane wave
decompositions and describes their interaction
as a multiple scattering of plane waves.
According to the theory, the complex
amplitude of the n-th order diffracted plane
wave propagating along O, =0;,. +2n0g,

En, is given by the following set of infinitely-
linked, complex differential equations [4,5]:

B }

dE,
TC— J eXp ..(8)

-Jj= exp{JQg{ inc 1 (2n+1)
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Where, o represents the peak phase delay
through the medium and is given by
a=CkoSL/2 where C is the strain-optic
coefficient of the medium and S is the
amplitude of the sound wave propagating
along the x-direction ( is the normalized
position inside the acousto-optic cell and is
equal to z/L in the case of light propagating in
the z-direction through a cell of length L.
Finally, 0 i is the angle of the incident plane
wave.

A set of equations that only accounts for
four diffracted orders can also be extracted
from equation (1-8):

dE—l _ é JQQ einc
ac ‘zeXp{ > |0, 1 Fo
dEo _ é JQQ 6inc _
ac Jzex'{ 2 {GB LB
_-£ JQE( Binc
] 5 exp = 0g JrlﬂEO
dEl __-d _JQC einc
e - 2P e TP
_-é _JQC einc
Jzexp_—2 (93 +3HE1
dEZ _ Qa JQQ 6inc
ac - JieXp{T 05 0[P
With initial condition
Eo(6=0)=Ejpc. E1(0)=0, E(0)=0
and E,(0)=0

Simulation Results

The solutions of the four-order system are
difficult to be obtained analytically. The
Runge-Kutta numerical method for solving
boundary value problems was chosen for the
task of solving the four-order diffraction
problem because it is easy to implemented
from scratch in MATLAB because of it is high
accuracy.

The simulation result for four-order
diffraction is shown in Fig. (3a). It shows that
the predicted intensity of the zero diffraction
across the first maximum intensities when the
Cook-Klein parameter applied at a value about
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one. The intensity of the first order diffraction
is slightly little increases than those of others
diffraction orders. This is because of some
light being diffracted into the minus first and
second orders as well. Subsequent intensity
peaks of the first order are become lower as
more and more light gets diffracted into higher
orders.

This result can be easily verified by
summing the intensities of non-zero orders as
shown in Fig. (3b). The result, of course,
should be exactly equal to the incident
intensity (in our simulations L= 1). The

amount of variation from this value can be
used to calculate the error introduced by the
numerical method used to solve the equations
system.

Fig. (4) shows the relationship between
maximum peak phase delay and the Klein-
Cook parameter for first order diffraction. This
figure indicates that the maximum peak phase
delay (o) decays exponentially as the Klein-
Cook parameter (Q) increases.

The Klein-Cook parameter can be used in
the four-order diffraction modeling to
determine the operating device. Fig. (5) shows
the simulation result of the Klein-Cook (Q),
which shows the two-operation mode of the
AOC. For, Q< 1, the first order diffraction
intensity increases approximately linearly with
Klein-Cook parameter.
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For, Q> 1, however, the first order intensity
approaches a maximum value and then
remains nearly constant as the frequency
increases.

As compared with the other diffraction
orders, the intensity decreases to zero as
shown in Fig. (6).

Another behavior of the AOM that can be
molded using the four-order diffraction
equations is to show the effect of the light
incident angle of the AOM on the intensity of
the first order diffraction. The variation of
incident angle with the first order intensity can
be modeled by MATLAB program to carry out
Runge-Kutta analysis in order to determine
this variation as shown in Fig. (7).

First, it is clear that from the Fig. (7), the
first order intensity will be maximized

when®; . =—6p, as expected. Second, the

Bragg diffraction criterion can be determined.

This condition can be met when einc :—GB,

which is approximately equal to the condition
for Bragg diffraction given in terms of the
Klein-Cook parameter. At different values of
the Klein-Cook parameter, the maximum
diffraction intensity increases with the Klein-
Cook parameter increases as shown in Fig. (8).

o=
[

Fig. (1a) : Wave-vector diagram of up shifted ideal Bragg diffraction.
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Fig. (1b) : Wave-vector diagram of downshifted ideal Bragg diffraction.
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Fig. (2) : Bragg diffraction.
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Total intensity across all non-zero orders
1.5 T
, _
g
= [ =
o5 P 3 5 5 = s T4
- - - (b) - - -
Fig. (3) : Solution for (a) Four-orders diffraction at Q=1 and (b) Total intensity across
all non-zero.
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Fig. (4): Shows the relationship between maximum peak phase delay and
the Klein-Cook parameter for first order diffraction.
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Fig. (5) : First order intensity versus the Klein-Cook parameter.
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Fig. (6) : First order intensity versus the Klein-Cook parameter.
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Fig. (7) : First order intensity versus incident angle at Q=14.
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Fig. (8) : First order intensity versus incident angle with: (a) Q =1,

(b) Q=3, (c) Q=5, (d) Q=6.
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Fig. (9) : First order intensity versus incident angle with: (a) Q= 8,

(b) Q=19, (c) Q= 11, (d) Q=12.
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Conclusions Al
AO interaction was simulated and

compared with different values of Klein-Cook
parameter using MATLAB. For, Q< 1, the first

order diffraction intensity increases
approximately linearly with  Klein-Cook
parameter. As compared with the other
diffraction orders, the intensity decreases to
zero .
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