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ABSTRACT

A high conversion efficiency in acousto-optical (AO)
modulation can be obtained through careful design of an
acousto-optic modulator (AOM), as well as careful selection
of the following: the A0 crystal material, the orientation
in the AO crystal with respect to direction of propagation
of the acoustic wave, the piezoelectric transducer
material, the orientation of the transducer material, and
the AOM fabrication method. A class of AOM’'s has been
introduced wherein the diffraction efficiency of the AOM is
improved by augmenting the design of the AOM so as to
produce two or more passes of the optical beams through the
acoustic beam wherein the Bragg diffraction conditions are
satisfied. The effects of changes 1in acoustic beam
direction and optical beam directions of propagation for
the multiple-pass configuration are described in this
dissertation. An AOM is fabricated in order to test the
predicted properties of the class of AOM’s incorporating
the multiple-pass of optical beams for improving the
conversion efficiency in AO modulation. Certain ones of

the predicted properties of the multiple pass class of
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AOM’'s are confirmed by double pass experimental results for

the fabricated AOM.
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CHAPTER 1

INTRODUCTION

In the use of optical heterodyne interferometry, a
generator of an optical beam with two-frequency components
is needed. An acousto-optic modulator (AOM) can be used as a
component of the two-frequency generator. Therefore, the
study of AOM for generating two optical beams that have
different frequencies from an optical beam having a single
frequency is very important. This dissertation is a study
in AOM with an emphasis on how to improve efficiency in

acousto-optical modulation.

1.1 Acousto-optic modulation principle

Acousto-optic modulation deals with the interaction of
optical waves with acoustic waves in a medium. The
interaction was first predicted by Brillouin in 1922. It
was experimentally verified in 1932 by Debye and Sears in
the U.S. and by Lucas and Biguard in France [1].

Initially, only isotropic materials such as water or
glass were considered for the media. For these materials,
the optical index 1is independent of the propagation
direction and the polarization of the light wave. When an

acoustic wave propagates through a material of the isotropic
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type, its index of refraction is periodically modulated by
the strain produced by the acoustic wave, and the medium
becomes equivalent to a moving phase grating. The theory of
the interaction between the optical wave and acoustic wave,
the acousto-optical effect, is based on the relationship
between the strain and the index change. Once the index
modulation pattern is established, the effect of the
acousto-optical interaction on the light wave is to generate
a diffracted wave. The properties of the diffracted wave
can be determined from the wave equation for the optical
wave propagating in the modified isotropic medium. The
acousto-optical interaction is also present in non-isotropic
media such as crystals. Similarly, the effect of the
acousto-optical interaction on a light wave propagating in a
non-isotropic medium can also be determined from the
corresponding wave equation for the propagation of an
optical wave in a strain modified non-isotropic medium.

The diffraction of optical waves by acousto-optical
interaction, acousto-optical diffraction, saw very little
practical application before the invention of the laser.
With the introduction of the laser in the 1960s, interest in
AO diffraction was renewed. The technology needed for
growing large, high-quality, artificial crystals matured.
Now, nearly all high-quality AO devices are made of

crystalline materials. When the incident and diffracted
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light wave indices, n, and n,, respectively, are essentially

the same (i.e., n,=n,;), their polarization states remain
the same. This case is known as the isotropic (or normal)
A0 interaction. In time, however, it was discovered that

under certain conditions, AO interaction can alter the
polarization of the incident light. When this happens, the
incident and diffracted light waves take different
eigenmodes with respect to polarization states. As a result
of the anisotropic properties of the diffracting medium, a
fundamental change in the interpretation of acousto-optical
diffraction was required. This became known as birefringent
(or abnormal) AO interaction and it can not be explained as

simple diffraction by a phase grating.

1.1.1 Isotropic acousto-optic interactions

The characteristics of the diffracted light beam
resulting from an AO interaction can be determined by
solving the wave equation that describes the optical wave
propagation in the AO medium. Raman and Nath [2] analyzed
the case of isotropic AO interactions that occur when the AO
medium is isotropic. In this case the refractive indices
for the incident and the diffracted optical beams are the
same. (Note that in an anisotropic AO interaction the

refractive indices for the incident and diffracted optical
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beam are different, and the polarizations of the two beams
are orthogonal.) For an isotropic interaction when an

acoustic wave propagates along the x axis and an optical
beam propagates in the x-z plane at an angle 6, (inside the

medium) from the 2z axis, the wave equation can be written

as

2 12
V2E=[n(x,t)] 9’E (1.1)
¢ or?

where n(x,t) is the refractive index in the region of the A0
interaction, ¢ 1is the speed of light in vacuum, and E is
the electric field. When the acoustic wave is a planar,
sinusoidal traveling wave, n(x,t) can be described by

n(x,t) =n+ Ansin(C — Kx) (1.2)
where n is the average refractive index of the medium, An
is the amplitude of the refractive index change due to the

acoustic strain, and K and Q are the wave number and
angular frequency of the acoustic wave, respectively. The

solutions of the wave equation can not be expressed in

analytical form. However, since n(x,t) is periodic in both

space and time, the perturbed optical field E can be

expanded in a Fourier series [24]:

Er,n)= Y E,(g)ellormaktnsl, (1.3)

m=—co
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k, -r=k;(zcosf, —xsinf,)+mKx , (1.4)
where E, and Kk, are the amplitude and the wave vector of

the mth order diffracted light beam respectively, and o

and k; are the angular frequency and the wave number of the

incident 1light, respectively. Equations (1.3) and (1.4)
represent an expansion in plane waves of the output light

distribution, the diffracted beam, and show that the angular

frequency, ©,,. of the * mth order diffracted beam will be

equal to:

Wy, =0; TmQ . (1.5)
Thus the optical frequency of the mth diffracted order will
be up or down shifted by an amount equal to the frequency of
the mth harmonic of the acoustic signal.

According to the basic coupled-mode theory [3], strong

diffraction of light occurs when

2kisin90=m1'(=m-27\TE 1.6)

where k; is the wave number of the light beam (n2m/A;), A;is

[4
the wavelength of the incident beam in wvacuum, A is the
wavelength of the acoustic wave, and m is an integer. The
integer m corresponds to the mth Fourier component of the

dielectric perturbation. For the case of a pure sinusoidal

acoustic wave, the Fourier components with m22 are all
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vanishing. Therefore, the resonant diffraction of light

from an acoustic wave occurs at

2k;sinB, =K . (1.7)

By using K =27x/A and k; =n2nfA;, this equation becomes

2Asin60=£"- . (1.8)
n

When the diffracted beam is primarily confined around a
single direction, the process 1is characterized as Bragg
diffraction.

The Bragg relation can be obtained by considering
conservation of energy and momentum. A typical normal Bragg

diffraction geometry and the corresponding momentum triangle
are shown in Fig.1l.1. 8. is the angle between the k vector
of the incident optical beam and the normal to the acoustic

K vector and parallel to the plane of the drawing. 6, is

the angle between the k vector of the diffracted optical

beam and the normal to the acoustic K vector and parallel
to the plane of the drawing.

The diffracted light may be thought of as having been
Doppler-shifted during diffraction from the acoustic

traveling wave. The diffracted 1light has the angular

frequency (m; Q) depending on whether the optical beam is

incident at angle 8, from in front of the oncoming acoustic

wave or from behind the receding wave.
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Many of the features of the diffraction of light by sound
can be deduced if we take advantage of the dual particle-

wave nature of 1light and of sound. According to this

picture, a light beam with a propagation vector k; and
angular frequency ®; can be considered to consist of a
stream of particles (photons) with momentum #k; and energy
hw, . The sound wave, likewise, can be thought of as made up

of particles (phonons) with momentum #K and energy #AQ.
The diffraction of light by an approaching sound beam can be

described as a sum of single collisions, each of which
involves the annihilation of one incident photon at ; and
one phonon and simultaneous creation of a new (diffracted)
photon at a frequency (®,+Q), which propagates along the
direction of the diffracted beam. The conservation of
momentum requires that the momentum #(k;+K) of the
colliding particles be equal to the momentum #k, of the
diffracted photon, i.e.

k, =k, +K (1.9)
where k,; is the wave vector of the diffracted optical beam.

The conservation of energy takes the form

W, =0; +Q (1.10)

where ®, is the angular frequency of the diffracted optical
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beam. Thus the diffracted beam is shifted in frequency by
an amount equal to the sound frequency with respect to the
incident beam. Since the interaction involves the

annihilation of a phonon, conservation of energy implies

that the shift in frequency is such that o, >®;, and the

phonon energy is added to that of the annihilated photon to
form a new photon. From this argument, it follows that if
the direction of the sound beam were reversed where it was
receding from the incident optical wave, the scattering
process could be considered as one in which a new photon
(diffracted photon) and a new phonon are generated while the
incident photon 1is annihilated. In this case, the

conservation of energy principle yields
(!)d=(D,~—Q. (1.11)

The relation between the sign of frequency change and the
sound propagation direction is consistent with the Doppler-

shift arguments.

In practice the diffraction efficiency n is defined as

2 6 2
ne— __[mp [AL (1.12)
203 cos?0,| pV*? | H

where p is the density of the AO medium, V is the acoustic

wave velocity, p is the appropriate photoelastic
coefficient, 4, is the wavelength of the optical beam, P, is

the power of the acoustic beam, L is the interaction length
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of the acoustic wave and optical wave and H is the height
of the acoustic beam, the dimension perpendicular to the
wave vectors of the optical and acoustical beam.

The figure of merit [4] of the medium is defined as

6 2

M,=22_ (1.13)

M, determines the inherent efficiency of the material

regardless of the interaction geometry.

1.1.2 Anisotropic acousto-optic interaction

Anisotropic AO interactions take place in optically
anisotropic media such as crystals and involve diffraction
between ordinary and extraordinary polarized optical beams.
Since these beams generally experience different refractive
indices, this type of AO interaction as noted above is often

called birefringent AO interaction and involves rotation of
the polarization of the diffracted beam by 90° with respect

to that of the incident beam.

Harris and Wallace [5] treated theoretically the
anisotropic Bragg diffraction for collinear 1light-sound
propagation, whereas Chang [61] treated the general

noncollinear case.
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The normalized anisotropic Bragg diffraction efficiency

is defined as

2 3.3 .2
N, =g 4P Ll (1.14)
w2l oV H

The figure of merit for the anisotropic case is defined as

3.3 .2
M, =2"4P (1.15)
2 oV
It is slightly different from M,. The factor n® for the

isotropic case has been replaced by n'n; for the anisotropic

case.

In an anisotropic medium, the refractive index associated
with a light beam is, in general, dependent on the direction
of propagation. Since the diffracted 1light beam, in
general, propagates in a different direction from the
incident beam, the magnitudes of the wave vectors are no
longer the same.

The anisotropic Bragg diffraction relations can be
derived by considering the conservation of energy and
momentum. The momentum triangle of Bragg diffraction for
anisotropic case is shown in Fig. 1.2. The Bragg

diffraction relations first derived by Dixon [7] are

sin@, = [f,,+ v (nf—nj)}, (1.16)

sin9‘,=zj° [a“ v (",-2'"3)} (1.17)
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where f, is the frequency of the acoustic wave. The first

terms on the right hand sides of (1.16) and (1.17) are the
same, except for the small differences in n, and n,, and are

substantially the same as a corresponding term that occurs
in the ordinary Bragg relation. The second terms in (1.16)
and (1.17) are present only in the anisotropic case.
Optical birefringence, in addition to modifying the angles
of incidence and diffraction for a Bragg process, also
changes the angle through which the 1light is diffracted.

Using (1.16), (1.17), and wave vector conservation

perpendicular to K yields

4o cosf, = Ao

n,A n,

1

sind = cos@, (1.18)

where 5:9,.-}-6,,, which is the angle between the incident

optical wave vector and the diffracted optical wave vector.

1.2 Prior work with two-frequency generator

The use of optical interferometry to measure changes in
either length, distance, or optical path length has grown
significantly due, not only to technological advances in
lasers, photosensors, and microelectronics, but also to an
ever increasing demand for high precision, high accuracy

measurements (N. Bobroff [8]).
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Interferometers can be generally categorized into two
types based on the signal processing technique used, i.e.,
either homodyne or heterodyne.

Interferometers based on the heterodyne technique are
generally preferred because (1) they are insensitive to low
frequency drift and noise and (2) they can more readily have
their resolution extended.

The heterodyne type interferometers are based on the use
of two optical frequencies.

In two-optical frequency heterodyne interferometers, the
two optical frequencies are typically produced by one of the
following techniques: (1) use of a Zeeman split laser, see
for example, Bagley et al. [9]; G. Bouwhuis [10]; Bagley et
al. [11]; and H. Matsumoto [12]; (2) use of a pair of
acousto-optical Bragg cells, see for example, Y. Ohtsuka and
K. Itoh ([13]; N. Massie et al. ([14]; Y. Ohtsuka and M.
Tsubokawa [15]; H. Matsumoto [12]; P. Dirksen, et al. [16];
N. A. Riza and M. M. K. Howlader [17]; (3) use of a single
acousto-optic Bragg cell, see for example, G. E. Sommargren
[18]; G. E. Sommargren [19]; P. Dirksen, et al. [10]; or (4)
use of two longitudinal modes of a randomly polarized HeNe
laser, see for example, J. B. Ferguson and R. H. Morris
[20].

As for the use of a Zeeman split laser to produce the two
optical frequencies, this approach is only applicable to

certain lasers (e.g., HeNe) and 1limits the frequency
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difference between the two optical frequencies to about 2
MHz. This imposes a limit on the maximum rate of change of
the length or optical path length being measured.

In addition, the available power from a Zeeman split
laser is less than 500 microwatts which can pose a serious
limitation when one laser source must be used for the
measurement of multiple axes, such as three to six axes.

As for the use of a single Bragg cell by Sommargren [19],
the diffraction efficiency may be low because the optic axis
of the uniaxial crystal of the Bragg cell, the direction of
the input optical beam, and the direction of the acoustic
beam are approximately collinear and under these conditions,
a small change in the direction of the input beam, such as
caused by diffraction, will result in an unacceptable
momentum mismatch.

Also for the single acousto-optic Bragg «cell of
Sommargren [19], the diffraction efficiency may be low for a
number of different types of uniaxial crystals because the
efficiency of the dominant Bragg diffraction mode in this
group of uniaxial crystals is proportional to the sine of
the angle between the optical axis of the uniaxial crystal
and either one or the other of the directions of the optical
beam components or the direction of the acoustic beam.

These two potential low diffraction efficiency problems
are not encountered in the present study because the optical

axis of the uniaxial crystal and the direction of the



27

acoustic beam are approximately orthogonal, i.e. small angle
Bragg diffraction.

To compensate for the possibility of low diffraction
efficiency resulting from the latter of these two reasons in
the single acousto-optic Bragg cell by Sommargren [19], the
path length in the uniaxial crystal of the Bragg cell may be
increased. However, this procedure may lead to a uniaxial
crystal that is inordinately long which in turn can result
in an expensive apparatus. Also an extended length may lead
to a diffracted beam with width elongated in the plane of
diffraction and an increased lateral separation also in the
diffraction plane between orthogonally polarized beam
components.

In addition, 1if the uniaxial crystal in the single
acousto-optic Bragg cell of Sommargren [19] is optically
active (e.qg.. quartz), there may be an accompanying
reduction in the diffraction efficiency which subsequently
requires a further increase in the required path length in
the uniaxial crystal for what is already an expensive
apparatus.

The angle between the optical axis and acoustic beam can
also be increased in the single acousto-optic Bragg cell by
Sommargren [19] in order to achieve a reduction of the
momentum mismatch problem and of the required path length.
However, this angle can only Dbe increased up to

approximately 27 degrees because for larger angles, the
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orthogonally polarized beam components generally will suffer
total internal reflection at the exit face of the uniaxial
crystal and the device would cease to function.

As for the use of a single Bragg cell by Sommargren [18],
the apparatus has many parts, which are separated and
require more space. It is sensitive to misalignment of the
various parts.

Also, it is more sensitive to thermal gradients in the
apparatus as a result of multiple parts and the required
separation of multiple parts.

Furthermore, it is not as efficient as the AOM of the
present study, i.e., approximately 50% of the input beam
intensity is transformed into the output beam with the
single acousto-optic Bragg cell by Sommargren [18] as
compared to nominally 100% with the apparatus described
herein.

As for the use of a single Bragg cell in Dirksen, et al.
[16], the frequency difference between the two orthogonally
polarized components of the exit beam is twice the frequency
of the acoustic beam. Starting with a higher frequency
difference, the task of resolution extension becomes more
difficult and expensive.

Also with the single Bragg cell apparatus in Dirksen, et
al. [16], the efficiency is limited to approximately 80% and
there are significant non-uniform intensity distributions

across the two orthogonally polarized exit beam components
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in contrast to that present in the AOM of the present study
described herein. These non-uniform intensity distributions
across the width of the two orthogonally polarized exit beam
components have a negative cross-correlation coefficient
which further exacerbates the effect of non-uniform beam
component intensities for interferometry.

There is generally polarization mixing in both of the two
exit beam components from the single Bragg cell apparatus of
Dirksen et al. [16], since this apparatus uses the normal
Bragg diffraction mode, which 1limits its utility 1in
precision interferometric measurements.

The single Bragg cell apparatus of Dirksen et al. [16],
is also more complex requiring a minimum of two optical
elements in addition to the Bragg cell and generates two
desired and two undesired beam components which must be
separated by external masks to occlude the undesired beam
components.

There are more sensitivities to changes in temperature
and temperature gradients because of multiple elements
comprised of different materials and because of larger
angles between the beam components inside the single Bragg
cell apparatus of Dirksen et al. [16], in contrast to that
found in the apparatus of the present study described
herein. The angles between the beam components inside the
single Bragg cell apparatus of Dirksen et al. [16], are

generally larger by design because in part Dirksen et al.
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[16], must spatially separate the desired and undesired beam
components as a result of using normal Bragg diffraction in
contrast to the present study described herein which uses
anisotropic Bragg diffraction.

The Dirksen et al. [16], single Bragg cell apparatus,
which requires separation of parts, is sensitive to
misalignment with additional sensitivity to thermal
gradients.

In addition, since the acoustic frequency for a single
Bragg cell apparatus in Dirksen et al. [16], 1s one half of
the frequency difference between the two orthogonally
polarized components of the exit beam, the apparatus in
Dirksen et al. [16], must operate at a lower acoustical
frequency by a factor of two in relation to that for the
project of the present study to obtain a given £frequency
difference between the two orthogonally polarized components
of the exit beam which leads to an additional reduction in
efficiency.

As for the use of two Bragg cells in the work of Dirksen
et al. [16], the apparatus has more parts than the single
Bragg cell apparatus of Dirksen et al. [16], which are well
separated and require more space, there is generally
polarization mixing 1in each of two exit beam components
since the two Bragg cell apparatus of Dirksen et al. [16],
uses normal Bragg diffraction mode, is sensitive to

misalignment of the various parts, is more sensitive to
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thermal gradients in the apparatus as a result of multiple
parts and the required separation of multiple parts, is not
as efficient as the apparatus of the present study described
herein, i.e., approximately 60% to 80% of the input beam
intensity is transformed into the output beam with the two
Bragg cell apparatus of Dirksen et al. [16], as compared to
nominally 100% with the current project, generates two
desired and either two or six undesired exit beam components
depending on apparatus configuration selected, has increased
non-uniform intensity distributions across two orthogonally
polarized exit beam components, the non-uniform intensity
distributions across widths of two orthogonally polarized
exit beam components have a negative cross-correlation
coefficient which further exacerbates the effect of non-
uniform beam component intensities, and external masks are
required to occult undesired beam components.

Finally, although the use of two longitudinal modes of a
randomly polarized HeNe laser provides a laser beam with two
orthogonally polarized frequencies in a rather convenient,
cost-effective form, the frequency difference is
approximately 500-600 MHz which requires complicated,
expensive detection and processing electronics.
Furthermore, by starting out with such a high £frequency
difference, the task of resolution extension becomes

difficult and expensive.
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1.3 The present study

The present study of acousto-optical modulation is for
transforming with high diffraction efficiency a single
frequency, linearly polarized laser beam into a beam with
two frequency components that are orthogonally polarized.
Particularly, it is useful in a variety of optical measuring
devices that perform extremely accurate measurement of
changes in either 1length or optical 1length, such as in
heterodyne optical interferometry.

Here are some of the principal advantages of the
apparatus of the present study. First, the AOM comprising a
single acousto-optical crystal with piezoelectric transducer
bonded directly to the optical crystal has high diffraction
efficiency. Second, it has compact size requiring no
external beam stops. Third, it has a diffraction efficiency
of nominally 100% for conversion of input intensity into
intensities of two orthogonally polarized exit beam
components. Fourth, the intensity of each of two
orthogonally polarized exit beam components may be adjusted
to nominally 50% of the input intensity. Fifth, it can
generate two orthogonally polarized exit beam components in
a single Bragg diffraction. Finally, it exhibits reduced
polarization mixing and has more uniform intensity

distributions across two orthogonally polarized exit beam
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components. The afore-mentioned disadvantages of the prior
art are overcome by the apparatus of the present study.

The acousto-optical modulation of the present study is
based on the principle of the acousto-optical interaction in
an anisotropic medium. A single-frequency 1linearly

polarized input beam from a light source, preferably a laser
of angular frequency ®;,, is transformed into an output beam

having two orthogonally polarized output beam components
differing in frequency from each other by the acoustic wave
angular frequency Q. The input beam is introduced to a
multifaceted anisotropic acousto-optical crystal, and it
travels through an interactive region where it experiences
an acoustic beam. The acoustic wave diffracts the optical
beam via small angle Bragg diffraction to form two
orthogonally polarized internal beam components that are
separated by a small angle of divergence and subsequently
become external beam components available outside of the
acousto-optical crystal for use in anticipated downstream
applications.

A high diffraction efficiency can be achieved by the
acousto-optic modulator design. In addition, the high
diffraction efficiency can be achieved wvia the use of
multiple pass arrangements of the optical beam through the

interaction zone to reduce input acoustic power requirements
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[407]. It is the use of multiple pass arrangements that is

emphasized herein.
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CHAPTER 2

FABRICATION OF THE ACOUSTO-OPTIC MODULATOR

In order to test the concept of the use of the multiple
passes for conversion efficiency improvement in acousto-
optical modulation, an acousto-optic modulator was
fabricated.

The diffraction efficiency may be low if the optical axis
of the uniaxial crystal of the Bragg cell, the direction of
the input optical beam, and the direction of the acoustic
beam are approximately collinear. Under these conditions, a
small change in the direction of the input beam such as
caused by diffraction, will result in an unacceptable
momentum mismatch. Also, the diffraction efficiency may be
low for a number of different types of uniaxial crystals
because the efficiency of the dominant Bragg diffraction
mode in this group of uniaxial crystals is proportional to
the sine of the angle between the optic axis of the uniaxial
crystal and either one or the other of the directions of the
optical beam components or the direction of the acoustic
beam. These two potential low diffraction efficiency
problems are not encountered in the present study because
the optical axis of the uniaxial crystal and the direction
of propagation of the acoustic beam are approximately

orthogonal, i.e. small angle Bragg diffraction.
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The purpose of the acousto-optic modulator for
applications described herein 1is to transform a linearly
polarized input optical beam comprised of a single frequency
component into an output optical beam comprised of two
output beam components. The output optical beam components
are linearly and orthogonally polarized. One output beam
component has the same frequency as the input beam, the
second output beam component has an angular frequency
different from that of the input beam by the acoustic wave
angular frequency Q. The intensities of the two output
beam components may be substantially equal with the
intensity of the output beam being substantially equal to

the intensity of the input beam. From consideration of the

figure of merit, M, <n’n,p’ given by equation (1.15), and
the properties of candidate media, a lithium niobate
birefringent crystal was chosen. Considering the momentum
mismatch effect, the small angle Bragg diffraction is used.
The configuration of the acousto-optical modulator is shown
in Fig.2.1. Referring to the drawing in detail, a radio
frequency signal (RF) is applied to the transducer through a
power amplifier and an impedance match network. The optical
axis of the A0 media, the substrate crystal, is
perpendicular to the wave vector of the acoustic wave. The

incident light beam becomes an extraordinary polarized beam

after it enters the acousto-optical crystal and propagates
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at the angle 6, to the wave front surface of the acoustic

beam. Due to the photoelastic interaction of the incident
beam with the acoustic beam, an ordinary polarized beam is
generated by Bragg diffraction when the equations (1.16) and
(1.17) are satisfied.

The index of refraction n for an extraordinary polarized
beam is given by the equation

l, = l,cosze-i- l,sinze (2.1)
n- n- n-

(] (4

where the angle 0 1is the angle between the direction of
propagation of the extraordinary polarized beam and the

optical axis of the acousto-optical crystal and n, and n,

are ordinary and extraordinary principal indices of
refraction of the acousto-optical crystal, respectively.

The acousto-optic modulator fabrication steps include
acousto-optical crystal preparation, transducer preparation,
and final assembly of the acousto-optic modulator. The
flowchart of acousto-optic modulator fabrication steps is

shown in Fig.2.2.

2.1 LiNbO, crystal checking

LiNbO, crystal is a birefringent crystal that is used for

the acousto-optic modulator. We not only need a crystal
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that has very good optical quality, but also we need to know

the orientation of the crystal in order to use it.

2.1.1 Optical-axis checking for LiNbO, crystal

The z-axis 1s also called optical axis of the
birefringent crystal. An optical beam propagating along the

optical axis in the birefringent crystal has refraction

index n, .

2.1.1a Walk off

There is a deviation between the energy flux vector and
the wave front vector for an extraordinary polarized beam as
the beam propagates through a birefringent crystal. This is
called walk off.

The walk off can be measured in the crystal of LiNDbO,
when an extraordinary polarized beam propagates in a LiNbO,
birefringent crystal. The amount of the walk off 1is

calculated from the equation [41]
n? tany=n tan® (2.2)
where ¥y is the angle between the z-axis and the vector of

the energy flux vector. At 0.6328u, the value of n, is

2.2868 and the value of n, is 2.2030 for LiNbO, crystal. We
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didn‘t use this method since we used some other methods,

which will be discussed later.

2.1.1b Isogyre method

Using an isogyre experiment, we can locate the optical
axis of a LiNbO, crystal. Since the LiNbO, crystal is a
birefringent material, we can obtain an isogyre interference
figure of the LiNbO, crystal by applying a linear polarized,
normal incident optical beam through the crystal if the
optical windows of the crystal for the optical beam are z-
cut, which means the normal to each optical window is
parallel to the :z axis [21]. Fig.2.3 shows a typical
isogyre interference pattern. The isogyre experiment can be
used not only for checking the optical axis of the crystal,
but also for checking the quality of the birefringent
crystal. The AO crystal was checked by the isogyre

experiment. The z axis is perpendicular on the optical
windows in 0.025° * 0.003°. The isogyre pattern is

relatively very symmetric, which means that the quality of

the AO crystal is relatively very good.
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2.1.1c Half wave plate principle

Since the crystal of LiNbO, is a birefringent material,
we can use the crystal as a half wave phase retardation
plate by rotating the crystal to rotate the polarization of
the polarized beam. The x-cut wafer of LiNbO, crystal, which

is for the transducer, was checked by this method and the y

and z axes were checked and confirmed.

2.1.2 Orientation checking for LiNbO, crystal

For the orientation of LiNbO, crystal, there is a strict
convention for defining the positive and negative
crystallographic directions.

The z axis is pyroelectric, which implies that the z
direction becomes positively charged when the crystal is
cooled. We did not use this technique. What we used is the

piezoelectric property of LiNbO, crystal. The y and z axes
are piezoelectric, which signifies that their positive
direction is chosen as the direction which develops a
negative voltage under compression. So, the positive
direction of the y and z axes of the LiNbO, crystal can be

determined by compressing the crystal along the y direction

and z direction. Then, the x direction of the crystal can
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be determined from the right hand rule. The z direction of

the AO crystal was checked and confirmed.

2.2 AO crystal and transducer preparation

LiNbO, crystal is a piezoelectric medium and therefore
can be used not only for the acousto-optical interaction
medium, but also for the transducer. We used LiNbO,
crystals for the AQO crystal and the transducer elements. An
very important feature is that we have very good acoustic
beam impedance match between the AO crystal and the
transducer because we used same kind material for both of

them.

2.2.1 Cutting and slicing LiNbO, crystal

After the crystals are checked, they need to be cut into
the shapes that are suitable for the acousto-optic crystal
and the transducer.

For the transducer, the checked LiNbO, was cut and sliced
into 41° x-cut crystal (The normal to each of two faces of
the transducer are parallel to x axis and the whole piece
rotate 41° around x axis.) [22]. This particular cut is

chosen because a pure acoustic shear wave is generated by

applying an RF electric field between the two faces with the
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shear in the x-y plane of the A0 crystal at 41° to the z

axis of the transducer.
The 41° x-cut transducer converts the applied electrical

energy into acoustic energy. The generated acoustic wave is
a shear wave, which is an eigenmode of the 41° x-cut

crystal and its velocity 1is 4796 m/s [22]. The
electromechanical coupling coefficient, the ratio of the

piezoelectric coefficients and the elastic stiffness
coefficients, of the 41° x-cut transducer is 0.6837 [22],

which 1is relatively very large. Therefore the x-cut
transducer is utilized for shear wave acousto-optic
modulator. The thickness of the transducer was selected so
as to have optimum efficiency for the production of acoustic
waves with a frequency of 15 MHz. The thickness of the

transducer for the acousto-optic modulator is 160p. Using

the equation

4

_-:EZ (2.3)

fll

where d is the thickness of the x-cut LiNbO, transducer, we
can obtain the resonance frequency which is 14.99 MHz.

The cutting and slicing were done with a diamond wire saw
and they can be done with a diamond wire guillotine saw that

is shown in Fig.2.4. The crystals were blocked with holding
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wax or lacquer in special jigs when they were being cut and

sliced.

2.2.2 Lapping LiNbO, crystal

The crystals need to be lapped for two purposes. First,
the crystals need to be lapped down to the size, which is
required. Second, the damaged layers, which are due ¢to
cutting and slicing need to be removed by 1lapping the
crystals.

The depth of the damage on the crystal surface being
lapped is approximately 2.5 times the particle size [231.
Therefore, different sizes of MICROGRIT abrasive compound
were used for the lapping. The mechanical reduction
schedule for lapping the LiNbO, crystal is shown in table
2.1.

The crystals were lapped with a lapping machine (shown in
Fig.2.5) after they were cut and sliced. The AO crystal was
held with holding wax in a special jig. The transducer
crystals were held with holding wax on an optical flat with
four inches in diameter when they were being lapped. The
parallelism of the two parallel surfaces of the transducer
crystals was checked frequently by using interferometry
during the lapping.

The basic idea of the parallelism checking by using

interferometry is following. First, put an optical window
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plate on the lapped transducer crystals. Then, the optical
waves, which are reflected from the surface of the optical
flat and the surface of the optical window plate, interfere
each other. The parallelism of the two sides of the
transducer crystals is checked by checking the interference

fringes.

2.2.3 Polishing the crystal

After lapping, the crystals were finish-polished. The
following five surfaces on the A0 crystal and on the
transducer elements were polished: the two optical window
surfaces, both sides of each transducer elements, and the
surface on the AO crystal where the transducer elements were
mounted by a bonding technique. Finish polishing was
performed in an optical polishing machine that is shown in
Fig.2.6. A pitch plate and polishing slurry were used for
polishing. The flatness and the parallelism were checked
frequently by using interferometries during the £finish
polishing. The parallelism checking is the same as what we
mentioned in section 2.2.2. Flatness was checked by putting
a optical window plate on the polished surface of the
crystal and checking the fringes. The typical polishing

time is from six to eight hours per face. The flatness is
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1/8 A, for each polished surface and the parallelism of the

two surfaces of the transducer is 0.020’ + 0.001’.

2.2.4 Coatings of the LiNbO, crystals

Before the final assembly, both optical windows of the
acousto-optical crystal need to be coated with
antireflection coating (AR). The transducer bonding surface
of the acousto-optical interaction crystal and both sides of
the transducer need to be coated with metallic coatings.
The optical and the metallic coatings are all made by using

vacuum deposition techniques.

2.2.4a AR coating of the LiNbO, crystal

It is desirable to reduce optical losses at the two
optical window surfaces of the acousto-optical interaction
crystal by using an AR coating. Both single and multilayer
AR coatings can be used. Multilayer AR coatings can be used
when lower reflectivity or broadband optical illumination is
desired.

For the apparatus used here, a single layer AR coating
was satisfactory for the present study for both optical
window surfaces. A single layer AR coating is designed such

that the reflections from one of the AR coating surfaces
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cancel the reflections from the other surface of the AR

coating. The thickness of the AR layer must therefore be an

odd number of 1/4 wavelength of the optical beam in the AR

medium.

The intensity I of a reflected beam from a single

r

surface is [24]

1,:10[1"—"] (2.4)
l+g

where [, is the intensity of the incident beam and g4 is the

ratio of the indices of the two materials at the interface.
In order that the two reflected beams from an AR coated
surface cancel completely, they must be of equal intensity.

It is thus necessary that g to be the same at both of the
interfaces, i.e.

fﬂ:fﬁ._ (2.5)
Ragp Nyo

Since n, =1.0, the index of refraction of the AR coating ng
must be

nar =Ny - (2.6)
For the LiNbO, crystal, n,, is 2.2868 which is the average
of n, and n;. Therefore, the refractive index n,, for the
AR coating material is 1.512 with a A4/(4n,,) thickness of

coating.
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The material lanthanum fluoride LaF, is chosen for the AR

coating material with a refractive index of 1.58 at 0.6328u

wavelength.

For an AR coating, the reflection coefficient is

2
R,=(—'1L'2—) (2.7)
l-nn,

where r is the ratio of the amplitudes of the optical
incident and reflective beams at the first interface, while

r, is that at the second interface.
Table 2.2 shows the theoretically calculated and
experimentally measured reflection and transmission (1-R,)

coefficients both with and without the LaF, AR coating on

the LiNbO, crystal.
2.2.4b Metallic coating

The transducer side of the AQO crystal needs to be coated
with a metallic coating, which is not only for electrode
purpose, but also for strong bonding purpose.

The piezoelectric transducer is a multilayer structure
attached to the AO substrate. Fig.2.7 shows the electrode
and bond structure. The transducer structure consists of a
piezoelectric material sandwiched between top and bottom

metallic layers. This structure is bonded to the A0
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substrate by a bonding method described latter in the
dissertation.
Each metallic coating is built of a Chromium (Cr) layer

and a gold (Au) layer. The three metallic coatings are made

by high vacuum deposition techniques. Gold is used For
electrode purpose. Gold is an easy material to work with
and one of the most popular electrode choices. Most

frequently it is used as top electrode because it adheres
well with gold interconnection wires. Unfortunately, gold
has a poor adhesion capability and thus it needs a buffer
layer. Chromium (Cr) is chosen for the buffer layer because
it has excellent adhesive capabilities and thus it is used
almost exclusively for the support of other metals. It is
regularly used as the buffer layer. However, it does
stress, and films thicker than 30 nm tend to pull up [24].
Also it may oxidize and thus it should be protected, the
gold overcoat serves this purpose.

Based on the considerations above, the desired thickness
for chromium was determined to be 17 nm and the thickness
for gold was chosen to be 1000 nm. Gold was evaporated
immediately after chromium is evaporated without breaking
the vacuum.

A vacuum deposition system (shown in Fig.2.8) was set up
for the optical AR coatings and the metallic coatings.

These coatings wer all finished under very high vacuum,



49

usually at 10° Torr. This is based on the consideration
that the particle mean free path length must be longer than
the distance between the target and the substrate. Table

2.3 shows the relation between vacuum and mean free path.

2.3 Final assembly of the aoM

Once the acousto-optical crystal and the transducer are

finished with high vacuum coatings, the acousto-optic
modulator 1is ready for final assembly. First, the
transducer needs to be bonded on the A0 crystal. An

impedance-matching c¢ircuit is designed to match the
electrical impedance of the transducer to the impedance of
the electronic driver. The AOM and the impedance matching
circuit are then mounted in the AOM housing. An RF
connector on the housing is electrically connected to the
input side of the impedance matching circuit while wires
from the output side are bonded to the top electrode of the

AQOM.

2.3.1 Transducer bonding

Bonding the piezoelectric transducer to the AO substrate

is a critical part of the fabrication process. The quality
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of the bond determines in 1large part the efficiency
performance of the AOM.

The most commonly used methods for bonding the transducer
to the A0 substrate are (1) adhesive bonding, (2)
thermocompression bonding [25], (3) cold vacuum compression
bonding [26]-[29], (4) optical contact bonding [24], and (5)
ultrasonic bonding ([(30](31].

In present study, the adhesive bonding is used. An
organic compound (epoxy) is used for bonding layer. We are
going to use vacuum compression bonding in future. For this
reason, another vacuum system, which is shown in Fig.2.9, is
set up. Fig.2.10 shows the structure inside the vacuum bell

jar for vacuum metal bond.

2.3.2 Impedance matching circuit

An impedance matching network is designed to match the

impedance of the AOM to that of the external source driver
(typically 50Q). The matching network typically consists

of discrete capacitors and inductors. One of L type

networks [32], which are shown in Fig.2.11l, can be used for

the impedance matching network. The value for R, is 50Q.

For transforming from a lower value of resistance R
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X, =yRR, -R*, (2.8)
XC=R;‘" . (2.9)
L

XC=R E%, (2.10)
x, =R (2.11)
Xc

The AOM is attached to the impedance matching circuit via
wire bonding.

An acoustic absorber is usually attached to the surface,
which the acoustic beam reaches after it travels through the
A0 interaction crystal, to frustrate internal acoustic
reflections. A metal or epoxy material, which is impedance
matched to the AO substrate, is used. To further reduce
unwanted AO interaction, a bevel can also be cut in the back
surface prior to the attachment of the impedance matching
circuit. For the AO crystal we used, the back surface was
cut to reduce unwanted AO interaction.

The AOM, with the impedance matching network, is mounted

on a base. The finished AOM is shown in Fig.2.12.
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CHAPTER 3

METHOD AND THEORY

The conversion efficiency in AOM can be improved through
careful design of an acousto-optical modulator. In such a
design as evident from equation (1.15), we need to consider
when choosing the material for the crystal used as the AOM
medium, the refractive indexes n, and n,, the density p,

the appropriate photoelastic coefficient D and the

acoustic wave velocity V. Also, we need to choose the
orientation of the crystal with respect to the acoustic wave
direction of propagation because the values of the acoustic

speed V and the appropriate photoelastic coefficient p

depend on the relative orientation. Therefore, we need to
determine not only the material we are going to use, but
also the orientation of the material with respect to the
acoustic wave direction of propagation to improve the
conversion efficiency in acousto-optic modulation.

The conversion efficiency also depends on the selection
of transducer material and bonding method used to bond the
transducer to the acousto-optical crystal.

In addition, the conversion efficiency in acousto-optic
modulation can be improved via the use of multiple pass
arrangements of the optical beams through the interaction

zone wherein the equations (1.16) and (1.17) are satisfied
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L]

{40]. This is the main emphasis of the work presented in
this dissertation.

The input polarized laser beam is introduced into the
acousto-optical crystal so that it propagates through the
interaction region at least twice with a predetermined
portion of it converted by small angle Bragg diffraction to
a diffracted beam. The diffracted beam, which is derived
from the initial input beam, is orthogonally polarized with

respect to the input beam and altered in frequency by the

frequency f, of the acoustic beam. The remainder of the

input beam and the diffracted beam continue to propagate
through the anisotropic acousto-optical crystal along a path
as slightly diverging orthogonally polarized emergent beams.

Fig. 3.1 shows the schematic of double pass acousto-
optical modulation for improving conversion efficiency. An

electrical oscillator provides a frequency stabilized

electrical signal of frequency f, to a conventional power

amplifier. The electrical output of the power amplifier is
used to drive a piezoelectric transducer affixed to an
acousto-optical crystal through an electronic impedance
matching network. The piezoelectric transducer is used to
generate the acoustic beam that is of the shear wave type,
the shear wave type being selected because generally the
sound speed of a shear wave 1is lower than that of a

longitudinal wave and the conversion efficiency of the AOM
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is proportional to (1/V)3 It is known to those skilled in

the art of acousto-optical modulation that the acoustic
shear wave may be generated with the piezoelectric
transducer affixed to the acousto-optical crystal as shown
in Fig. 3.1. Also, it may be generated by reflecting an
appropriately directed longitudinal acoustic wave from an
appropriately oriented surface of the acousto-optical
crystal [33]. Conventional techniques known to those
skilled in the art of acousto-optical modulation are used to
absorb, by using absorbers, the acoustic beam that passes
through to the walls of the acousto-optical crystal.

The preferred acousto-optical crystal for the acousto-
optical modulator is made of an uniaxial crystal (e.g..
LiNbO;) having an optical axis in the plane of Fig. 3.1
which is perpendicular to the direction of propagation of
the acoustic beam generated by the piezoelectric transducer.

An input beam, such as illustrated in Fig. 3.1, having
polarization in the plane of Fig.3.l1l, enters the acousto-
optical crystal at the first optical window surface becoming
an extraordinary polarized beam polarized in the plane of
Fig. 3.1. Due to the photoelastic interaction of the
incident beam with the acoustic beam, an ordinary polarized
beam, the diffracted beam, having polarization perpendicular
to the plane of Fig. 3.1, is generated by small angle Bragg

diffraction when equations (1.16) and (1.17) are satisfied.
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The diffracted beam propagates at a small angle to that
of the incident beam. The polarization of the diffracted

beam is orthogonal to that of incident beam. In addition,

the frequency of the diffracted beam is f+f, while the

frequency of the incident beam is f. The incident and

diffracted beams are transmitted by the second optical
window face and enter a non-birefringent optical element as
beams still having orthogonal polarizations. These beams
represent the results of a first pass through acousto-
optical crystal.

Then, the undiffracted and diffracted beams are reflected
by the back surface of the non-birefringent optical element
as beams still having orthogonal polarizations. Afterwards,
the undiffracted and diffracted beams exit the non-
birefringent optical element and reenter the acousto-optical
crystal at the second optical window face as beams having
orthogonal polarizations shown in Fig. 3.1.

Due to the photoelastic interaction with the acoustic
beam in the crystal, i.e. Bragg diffraction, the relative
amplitudes of those two beams are transformed in transit
through the acousto-optical crystal when the conditions
expressed by the equations (1.16) and (1.17) are satisfied.

Upon reflection at the back surface of the non-
birefringent optical element, the undiffracted and

diffracted beams suffer a relative phase shift, a first
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phase shift of ® radians. The first nm phase shift occurs
between the undiffracted and diffracted beams without a
corresponding =® phase shift being introduced in the phase
of the acoustic beam after the photoelastic interaction.
This type of phase shift will be referenced as a relative
acousto-optical phase shift between two optical beams
relative to the phase of the acoustic beam.

To understand the impact of the first =®n phase shift,
consider for example the simple case of the second optical
window surface of the acousto-optic crystal and the back
surface of the non-birefringent optical element being in
contact. In this case, the amplitude of the diffracted beam
would be nominally zero at the first optical window surface
after the second pass through the acousto-optical crystal.
As a result of the first m phase shift, the effects of the
Bragg diffraction resulting from the first pass through the
acousto-optical crystal would be substantially offset by the
effects of the Bragg diffraction generated during the second
pass through the acousto-optical crystal.

However, a second 1n® phase shift will cause the
amplitudes of the undiffracted and the diffracted beams to
transform on transit through the acousto-optical crystal
substantially as though the second pass through the acoustic

beam is simply a direct continuation of the photoelastic

interaction path of the first pass. The second =R phase
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shift is also of the class of a relative phase shift of =&
radians between the undiffracted and the diffracted beams
relative to the phase of the acoustic beam after the
photoelastic interaction of the first pass and introduced
before the photoelastic interaction of the second pass

In the present study (see Fig.3.l1l), the preferred way to
effect the second =® phase shift is to introduce a
displacement of the undiffracted and the diffracted beams in
the second pass relative to the beams in the first pass at
the second optical window surface. The actual relative
optical phase of the undiffracted and diffracted beams in
the second pass essentially is not altered.

The optical axis is orthogonal to the first and second
optical window surfaces. The second ® phase shift is
introduced between the relative phase of the undiffracted
and the diffracted beams in the second pass relative to the
phase of the acoustic beam in between the first and second

passes modulus 21n to a high level of accuracy when [40]

2D{ tan| sin™ -nl,sinei - '1‘,’ = 2+ ,1=0,12,..., (3.1)
n 2n'A 2

where D is the distance between the second optical window

surface and the back surface of the non-birefringent optical

element and n is the index of refraction of non-

birefringent optical element. The higher order terms of

(A,/A) have been omitted in the equation (3.1).
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We can obtain n, by the equation:

~=—-cos’6, ~i-—l,-sin29.l (3.2)
n’ n n;
From equations (3.2), (1.16) and (1.17), we can obtain n
and 6. Then, from equation (3.1), D can be selected to

introduce the second =® phase shift for the multiple-pass

method.
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CHAPTER 4

EXPERIMENT AND RESULT

By comparing experimental results with predicted
theoretical properties, the main purpose of the experimental
work herein is to test the multiple pass theory as a means
to improve the conversion efficiency in acousto-optical
modulation as described in the chapter 3. A double pass
experimental apparatus is set up to test the concept of the
multiple pass theory with the acousto-optical modulator we
made and which is shown in Fig.2.12.

We made certalin other tests of the acousto-optical

modulator which include: Schlieren imaging test,

polarization checking and measurement, 6. checking and

measurement, transducer resonant frequency checking and

measurement, and & checking and measurement.

4.1 Schlieren imaging test

The Schlieren imaging test shows the quality and
characteristics of the propagating acoustic field inside the
crystal of the acousto-optical modulator. For an acousto-
optical modulator, the uniform and well-collimated acoustic
beam in the A0 crystal is required to obtain high conversion

efficiency in acousto-optical modulation. This requirement
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is even more important for the multiple-pass acousto-optical
interaction.

The control of the acoustic beam spread in the AO crystal
is primarily done by the design of acoustic beam width.
Furthermore, a uniform and well-collimated acoustic beam in
an A0 crystal can be achieved by using a carefully oriented
A0 crystal in conjunction with (1) acoustic collimating
modes in material [34], or cylindrical transducers that
focus the acoustic beam [35].

The quality of the resulting acoustic pattern in the A0
crystal can be examined via the use of the knife-edge method
used by Toepler (1864), to examine variations in the
refraction index of a medium, which is known as a Schlieren
Imagine [36]. The basis of a Schlieren imaging experiment
or test is explained in Fig. 4.1. A collimated light from a
laser illuminates the a0 crystal with an attached
piezoelectric transducer that is driven by a RF signal. Due
to the acousto-optical interaction, the zero-order beam
(undiffracted) and the first order beam (diffracted) are
observed after the AOM. The imaging of the diffracted beam
on the screen provides a 2-D mapping of the propagating
sound beam.

The Schlieren imaging of the AOM, which we fabricated,

shows good quality of acoustic beam inside the AO crystal.

4.2 Resonance frequency checking and measurement






