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Abstract

The work contained in this thesis is related to-the study of a
device which can deflect light and control its position in two co-
ordinates by acousto-optic means within a single medium. The acousto-
optic deflection is achieved by the interaction of light with two
co-existent, mutually orthogonal, ultrasonic waves within the medium.

The acousto-optic interaction has been theoretically analyzed
to a more thorough degree than that previously reported and considerations
regarding deflection efficiency, device geometry, and transducer
alignment are discussed.

The interaction has initially been demonstrated using water as
the interaction medium.

O0f the recently discovered materials to show favourable acousto-
optic properties lead molybdate has become a notable choice and a novel
device using this material has been realised. A device has been
constructed which is capable of displaying about 90 x 90 just resolvable
spot positions with an access time of 1 us albeit at a Tow scattering
efficiency.

The thesis includes a description of the behaviour of acoustic
transducers for bulk wave excitation and the relevant parameters of
the crystalline materials used in this work along with some practical
considerations for device fabrication. The interaction bandwidth, with
respect to transducer geometry has also been included.

The device has shown to be potentiaily promising for high speed
applications requiring low to moderate capacity for reasonable power

levels.
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: 8 Introduction

Light deflection methods have received increased attention in
recent years primarily due to the advent of the laser. Although
methods for the deflection of light have been known for many years the
favourable properties of laser light have permitted many new functions
to be performed, and new deflection techniques to be employed which
previously had not been possible. Applications requiring laser
deflection have demanded deflectors capable of providing, ideally, high
speed, high resolution, and high deflection efficiency.

It has become the preference in modern times for suitable devices
to be solid state and non-mechanical. For bulk optical sy;tems, discrete
deflector elements have emerged that utilise either the electro-
optical effect or the acousto-optical effect to provide inertialess
deflection. The requirements of high speed and large resolution are,
to a 1;}ge extent, not compatable and acousto-optic devices have appeared
to offer the most favourable compromise. To date, acousto-optic
deflectors are available which are capable of providing a capacity'in
excess of 1000 resolvable spot positions which are randomly accessible
with a time in the region of 5 - 10 ps.

There are applications which require the deflection of light in
both x and y coordinates. An inertialess means of achieving this has
thus become mandatory. Although this function may be achieved by
cascading two deflectors present philosophy leans towards compactness
and miniaturization. Thus, the development of a single device capable
of performing simultaneously x and y deflection within a single medium
offers its attractions. Such a device possessing a symmetrical optical
aperture and deflection from a common origin offers additional attractions.

This present work has been concerned with the investigation of a

single device two-dimensional x,y acousto-optic deflector in which the



diffraction péocess is produced by two mutually orthogonal, overlappng,
travelling ultrasonic waves and operated in the bragg regime. The
device can deflect light simultaneously into variou§ first orders in
each coordinate and into é composite, or cross order. It is the cross
order that can be suitably controlled in two dimensions. Such a device
has been considered elsewhere by other workers and is discussed in
section 2. The interaction has been merely demonstrated and its
theoretical behaviour appears not to have been adequately considered in
the literature. The deflector warrants further investigation, therefore,
S0 as to realise the extent to which the device may be developed
and to attempt to improve the performance over that reported to date.
in the literature by previously demonstrated devices. The interaction
has yet to be demonstrated using a solid medium operating under normal
bragg diffraction conditions and this has been one of the purposes of
this present work along with an investigation into its theoretical
behaviour.

The renewed interest in acousto-optic deflection in recent
years has brought with it further investigations and advances in
techniques and materials. One such suitable interaction material to
be discovered has been lead molybdate; the previously reported devices
have not, as yet, utilised this newly discovered material for the
interaction medium. Also, the availability of suitable materials has
confined the work to be concerned with normal bragg diffraction which
can be readily accomplished in lead molybdate. This material has been
used as the interaction material for the greater part of this work.

The subject of acousto-optics, or acoustics, has not previously
been undertaken within the Department of Electrical and Electronic
Engineering. Consequently, the work here has been involved not only in

relation to the acousto-optic interaction but also in areas to which



the aforesaid subjects are related. The necessary technology required
to satisfactorily fabricate devices was not available within the
department at the commencement of this work and therefore the
development of some groundwork has been necessary and only possible.
Certain techniques have been arranged so as to perform the work within
the bounds and 1imits which the department has permitted. The practical
work has thus been confined to using certain methods and materials
which would otherwise be considered unsatisfactory where well
established facilities are available.

The thesis is organised in the following way. A review of methods
pertaining to x,y optical deflection in section 2 is followed by an |
analysis of the interaction process in section 3. Also included here
are the aspects relating to efficiency, resolution, and bandwidth.
Section 4 is concerned with the aspects relating to bulk acoustic wave
generation of which the relevant theoretical considerations are given.
The crystalline materials used in this work are discussed in section 5
along with considerations relevant to all materials which may be
considered suitable for the interaction medium and piezo-electric
materials. - Some practical-aspects relating to device fabrication are
reviewed and discussed in section 6 together with some general aspects
relating to the work undertaken here. Sections 7 and 8 describe some
of the practical work undertaken and include some of the experimental
work necessary to establish the techniques and know-how to realise a
final two-dimensional lead molybdate deflector within the framework
of the environment in which the work was carried out. The interaction
was initially demonstrated using water as the interaction medium and
the associated performance and problems are discussed in section 7.
Section 8 includes some investigations of the bonding methods available’

to the author as well as containing a description of the work involving



the lead molybdate deflectors. Two lead melybdate deflectors are
described each using one of the bonding materials available and have
been referred to as Deflector 1 and Deflector 2. Further qualification
is given in section 8.

This work has achieved the realisation of a two-dimensional
deflector, using lead molybdate, which is capable of demonstrating a
resolution of about 90 x 90 just reso1vab1e.spot positions and has‘
uncovered some of the potential problems associated with this type of
device. Together with an increased investigation into some of the theo-
retical aspects relating to this device it is felt by the author that

the work has made a contribution to the knowledge in this field.



2, Review - Relating to X,Y Acousto-optic Deflection

2.1. Introduction

The subject of acousfo—optics has been studied by many researchers
for over the past fifty years. The renewed interest has come about
with the advent of the laser. In this section several papers regarding
the subject are reviewed. Also a comparison between acousto-optic
deflection and other methods is briefly made. The methods of obtaining
X-Y laser deflection by cascaded arrangements are reviewed and an
account of the work involving two-dimensional deflection devices prior

to this work is.a1so described.

2.2. Acousto-optic Diffraction

The interaction between 1ight and sound was first predicted by
Brillouin in 1921, Experimental verification of the interaction was
first observed by Debye and Sears in 1931. Notable workers in the
subject of acousto-optics have been Raman and Nath, Lucas and Biquard, and
Bergmann during the 1930's. The subject of acousto-optics includes other
forms of light-sound interactions besides optical deflection and a
historical review together with the various types of interactions has
been summarized by Quate (1965).

With reference to acousto-optical deflection, the process is
preduced by virtue of the refractive index of the interaction medium
being disturbed by the presence of a mechanical force. When either a
travelling or standing wave propagates through a suitable material
perturbétions of the materials' refractive index occur to form an
optical phased grating. The grating diffracts the light and the angular
displacement of the diffracted beam may be altered by varying the wavelength

of the acoustic wave. With the advent of the laser renewed interest
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in this techniéue has occurred and some acousto-optic devices pertaining
to the deflection and modulation of laser light have been reviewed

by Gordon (1966). Adler (1967) has also given a review of acousto-optic
methods and devices which can perform optical amplitude and phase
modulation, deflection and focusing, and the frequency shifting of
light. Also given is a description of a variety of applications in
which suitable devices may be employed. The diffraction may be
produced in two different ways depending on the difference between the
optical and acoustic wavelengths and the length of the interaction
region. Diffraction within the Raman Nath-regime occurs when Tow *
acoustic frequencies or a short interaction length are employed. Here
the optical beam is positioned at normal incidence to the sound

column and the resulting diffraction pattern consists of many orders
displaced at equal angular increments either side of the incident beam
position. The intensity of the orders is dependent on the amplitude

of the acoustic wave. Diffraction within the bragg regime occurs

when high * acoustic frequencies or a long interaction length are used.
In this case the incident light beam is displaced by an angle
approximately A2A_  from the sound column normal and the resulting
diffraction causes the light to essentially fall into one first

order only, deflected by an angle MA_ from the incident beam position.
The interaction is degenerate for 1light deflected into the other
orders. Bragg deflection is thus perferable in regard to practical.
optical deflectors allowing practically all of the incident light to

be deflected into one order only. The size of the acoustic wavelengths
and interaction length are dependent on the optical wavelength and

interaction medium involved.

* The relationships between the acoustic frequency, interaction length,
and optical wavelength for the interaction occurring in either the

Raman Nath or bragg regime are discussed in section 3.8,1.



Damon et é] (1970) have also reviewed acousto-optic diffraction
techniques including bragg deflection. The basic concepts of the
interaction have been discussed along with‘the relevant theoretical
considerations. They have considered the interaction occurring in
both isotropic and anisotropic media and some applications utilising
the acousto-optical effect have been described. Another comprehensive
review of methods and techniques has been given by Sittig (1972)
which includes a discussion of some of the more recently discovered
suitable materials and also improved transducer geometries. Some of
these aspects are discussed in the preceedfng sections of this thesis.
Both these monographs contain extensive lists of references which give
a compreh;nsive account of many aspects of acousto-optics.

More recently, special attention has been paid to those aspects
relating to acousto-optic modulation and deflection which are the basic
functions that the interaction performs. Uchida and Niizeki (1973)
have provided a comprehensive review on the subject. The performance
of any device is dependent upon the materials and fabrication techniques
employed. They have provided an extensive list of materials suitable
for acousto-optic devices and have given lists of the relevant parameters
such as refractive index, acoustic attenuation, optical transmissivitty,
and figures of merit for different device configurations and application
criteria. Information for both isotropic (i.e. glasses) and crystalline
materials is given. Besides giving an account of the theoretical
aspects they have aTsﬁ discussed some methods of transducer bonding and
heat sinking. The performances of two Paratellurite (TeOz) deflectors
are described and their efficiency, bandwidth, capacity (the number
of resolvable spot positions), and thermal stability are discussed.

The topic has also been reviewed by Chang (1976). The acousto-optic

interaction theory for bulk devices has been reviewed and a summary of



the parameters and device design criteria for suitable materials has
also been given. Here, also, was discussed the transducer technoIog&
and bonding and fabrication techniques, the state of which has
considerably advanced in recent years. Aiso included in his review
are methods of acousto-optic filtering besides modulation and deflection.
Applications of the various devices have been discussed and some
future predictions have also been included.

These references thus illustrate the progression and interest in
the subject of acousto-optics over recent years and indicate the state-

of-the-art which the subject has reached.

2.3. Comparison Between Acousto-optic Deflection and Other Methods

Light deflection can also be performed by mechanical, electro-
mechanical, or electro-optic deflectors. The actual choice of device
depends on the specific requirements of the application. The parameters
of performance to be considered are, in general, speed and resolution.
The comparison of acousto-optic deflection with alternative methods
is thus to be ﬁade-on the basis of these considerations.

The alternative methods will only briefly be mentioned to give
an indication of their capabilities.

A review of some mechanical, piezo-electric and electro-optic
deflection techniques has been given by Fowler and Schlafer (1966)..
The alternative methods have also been discussed by Baker (1968) and
Bieser (1974). Various mechanical methods are available such as.

- rotating polygons, servo-controlled mirror galvanometers and nutating
mirrors. Piezo-electrically driven mirrors form the basis of the
piezo-e]gctric devices. The mechanical devices offer a considerable

resolution (from 100 to 20,000 spots depending on the available aperture



and mechanical methoed employed). However, due to inertia their access
time is comparatively slow (between 50us and 2s). The piezo-electric
devices, although also of high resoiutipn still have a slower response
than that ﬁhich can be obtained from acousto-optic or electro-optic
devices. High scanning speeds may be accomplished by operating the
devices in a resonant mode but this allows only a very narrow bandwidth
and such operating conditions have only a limited use. An example
is where constant scanning rates are required.

Of the electro-optic devices, electrically controllable prisms
and digital switches are available (Kulcke et al 1966, Fowler and
Schlafer 1966). Although the deflection process is inertialess and
potentially almost instantaneous the associated electronics to
control the required high voltages may 1imit the achievable response.
Cascaded digital switches may also be bulky and complex and may suffer
from alignment problems and the resolution obtained from prism deflectors
is, in general, comparatively sma11.(less than 5 spots). There are
notable exceptions (i.e. F.S. Chen et al (1966), Wright and Wilson
(1973), Ninomiya (1973)) but the_physica] dimensions and the availability
of suitable materials are also 1imiting factors.

Thus, acousto-optic devices suitable for deflector applications
form a compromise between mechanical and electro-optical methods.
They are capable of giving a moderate resolution (approximately up
to 1000 spots for a single-dimensional deflector) and a reasonably fast
random access time (in the region of 1 - 10 us, the time taken for
the sound to traverse the optical beam and deflect the light from one
position to another). Thus, apart from applications where exceptionally
high speed or high resolution are required, the performance of acousto-

optic deflectors appears to satisfy the middle range of requirements.



2.4, Cascaded Accusto-optic Deflection Systems

It is inevitable that the requirement to continuously scan
light in two co-ord1nates by compietely non-mechan1ca1 means should
become mandatory. A method of achieving this is to use two
acousto-optic deflectors in cascade. The deflectors are arranged so
that their directions of deflection are orthogonal with respect to
one another.

Korpel et al (1969) have used a cascaded deflection arrangement
for producing a laser television display. .In their system acousto-
optic water cells were used operating over a 16 M Hz bandwidth with
centre frequencies of 42 M hz and 28 M Hz for the horizontal and
vertical deflectors reSpective1j. Each had an.optical slit aperture
width of 3.0 cm. A Hé-Ne laser was followed by a beam expander to
produce a 3.0 diameter circular beam. A cylindrical lens then focused
the 1ight to a horizontal sheet which was positioned within the horizontal
deflection cell. The cell was succeeded by a spherical lens, suitably
positioned, to produce a vertical sheet of light to pass through the
vertically deflecting cell. This was then succeeded by another cylin-
drical lens and a telescope to reconstruct a circular section beam and
provide magnification of the final display. The two deflectors were
appropriately adjusted with respect to the optical beam to optimise
the X-Y deflection. The resolution obtained by this arrangement was
about 300 x 300 just resolvable spot positions. For this application
a low intensity optical source was used. When used with higher power
laser sources the focusing of the 1ight to a thin sheet may cause
heating'of, and possible damage to, the acousto-optic interaction media
and thus detrimentally affect the shape and stability of the deflected

beam. Also, the X,Y deflected beam may not appear to originate'from
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a common origin for this arrangement.
Cascaded deerctioﬁ systeﬁs have been used for controlling laser
light in holographic storage systems. For this application the
spatia} stability of the deflected spot is of primary importance.
Anderson (1968) has demonstrated a cascaded deflection system for
this applicaticn. The arrangement simply consists of two water cell
deflectors each with a 7.5 mm circular optical aperture operating
in the frequency range, 15 M Hz to 45 M Hz. The deflectors were
preceded by a beam expander to bring the incident Tight beam to the
required circular diameter. The cells were then succeeded by a
collimating spherical lens to form the deflected pattern and a telescope
to magnify the pattern to the reﬁuired size. A 32 x 32 spot matrix
was demonstrated.
Pinnow and Williamson (1969) have alsc reported the operation of
a cascaded system pertaining to optical memory applications. Their
system is essentially the same as that reported by Anderson (1958).
For 633 nm He-Ne light an electrical input of 3 watts was required
by each transducer to deflect 70% of the incident beam. With an
access time of 5 ws, correSponding to an optical aperture of 7.5 mm,
100 x 100 resolvable spot positions were reported. The dimensions of
the transducers and the bandwidths have not been given however.
LaMacchia (1970) has reported using two cascaded lead molybdate
devices also for use in an optical data storage system. Using the same
optical arrangement as described by Anderson (1968) but with the optical
aperture feduced to 5.5 mm a capacity of 32 x 32 well resolved spot
positions could be obtained with a reduced access time of 1.5 us.
The two devices operated between 85 M Hz and 170 M Hz and required a
drive power of 1.4 watts for 70% first order deflection when used with

514.5 nm Argon-ion laser light. The previous devices using water were
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more efficient (0.5 watts) but had a slower access time. The arrangement
was capable of giving 64 x 64 just resolvable spot positions. Lead
molybdate has been a relatively new material to be discovered and its
favourable acousto-optic properties have made it suitable for this

kind of operation (Pinnow 1969, Coquin et al 1970).

Two lead molybdate devices have also been used by Grodnenskii
et al (1975) in a cascaded light deflection system. The two devices
each used a 3 mm x 12 mm 36° rotated Y-cut 1ithium niobate transducer
whose centre frequency was 175 M Hz. The lead molybdate samples
had dimensions 6 x 8 x 15 mm. The percentage first order deflection,
with 1 watt electrical power applied to each transducer, was 20% using
a He-Ne laser operating at 633 nm wavelength. A '40.5 x 40.5' spot
resolution was reported when the devices were operated between the
frequencies 55 M Hz to 210 M Hz. Although not mentioned it is assumed
that a 1 mm optical aperture was used. A 'response' time of 1u$ was
reported however. The optical arrangement used was essentially the
same as that described for the previous two cascaded arrangements.

An acousto-optic cascaded X-Y 1ight deflector has been made
commercially available by Soro Electro-optics (1974). The resolution
that can be obtained with an incident optical beam diameter of 2 cm
is 800 x 400 spot positions and the optical arrangement to achieve this
resolution is assumed to be similar to that used by Korpel et al
(1969). The two deflectors and the necessary optics are all housed
in a common assembly and the complete unit is supplied together with
the appropriate electronic drivers. The devices operate over a bandwidth
of 150 M Hz centred at 225 M Hz and the random access time is quoted
as being 5.5 us.  The light deflected into the X-Y controlled beam is

given as:-being greater than 40%. Although the interaction medium of

12



the deflectors is not given the resolution and access time quoted

suggest that lead molyﬁdate has been employed here also.

2.5. Two-Dimensional Deflectors

The concept of a device capable of deflecting light in two
dimensions in which the diffraction process in each co-ordinate occurs
simultaneously within a single medium is an obvious and natural
progression from the cascaded arrangement. The device has been referred
to as a two-dimensional deflector. The demonstration of such an
acousto-optic interaction has only briefly been reported in the Titerature.
Uchida and Iwasaki (1969) have demonstrated the interaction
using water as the deflecting medium. Two ultrasonic beams, produced
by two X-cut quartz transducers cemented on to a glass intermediate
medium, were propagated perpendicular to each other in the water.
Deflection of each first order beam, using 633 nm He-Ne laser light,
over a 15 M Hz bandwidth centred at a bragg frequency of 55 M Hz -
was achieved. The 1 cm width of the transducers allowed a maximum
1 cm. sq. rectangular optical aperture. The transducer lengths
were not g{ven however and to achieve a percentage light deflection
of only 0.01% into the composite order 'several watts' of electrical
power was required by each transducer. An array of 11 x 11 spots
was achieved with a Tow scanning time (7 secs / spot) and the photograbhic
exposure time was thus 'long'. They have also reported that the resolution
was reduced appreciably due to the turbulance and thermal effects
caused by the fairly high acoustic power loss in the water.
The diffraction of light by two orthogonal ultrasonic travelling
waves under bragé angle incidence has been described by Chu and

Mauldin t19?3). The device they described was particularly relevant
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for use in laser doppler velocimeter systems. The two orthogonal
sound columns were produced by two 2.92 cm diameter X-cut quartz
transducers Operéting at their third harmonic frequencies of 15 M Hz
and 25 M Hz. Water was the interaction medium used here also.
Bandwidth was not of importance and the transducers were in direct
contact with the water. With just over 1 watt of applied electrical
power to each transducer 25% of the incident 1 mm diameter 633 nm -He-Ne
laser 1ight could be deflected into the two first orders and the
composite or cross order. Bragg deflection was satisfied by driving
each transducer in turn and appropriately Adjusting the cell for
maximum deflection into each first order. Equations have been given
to describe the intensity of each order with the cell adjusted to
satisfy exact bragg angle deflection.

The above device has been applied for use in a laser doppler
velocimeter system (Farmer and Hornkohl 1973). The two acoustic
frequencies here were also 15 M Hz and 25 M Hz and the construction
of the device was identical to the device described by Chu and Mauldin
(1973). The advantages of this device in this application are that
the cell can bé uséd both as a beam splitter and frequency shifter.
The optical beam in each first order is shifted either up or down in
frequency by the frequency of the associated diffracting acoustic wave
and the cross order is shifted up or down by an amount equal to the sum
or difference of the two acoustic frequencies, depending on how the.
incident optical beam and cell are adjusted. Suitably monitoring the
1ight reflected from the moving object indicates both its velocity
and direction. The system is less complex than other arrangements
used for doppler velocimeter systems and is easier to align since the

deflection of each beam appears to originate from a common origin.
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This type of device has become commercially available (Spectron
1976) specifica?iy for use in doppler velocimeter systems. The two
acoustic frequencies are 15 M Hz and 22.5 M Hz and 1iquids other than
water can be used as the interaction medium. The device has a clear
aperture of 32 mm and can be used with optical wavelengths dependent
bn the interaction medium. The electrical power required by each
transducer is thus also dependent on the liquid interaction medium
used. Acoustic standing wave capability may also be provided.

A two-dimensional deflector using a paratellurite (Teoz} single
crystal as the interaction medijum has been demonstrated by Uchida and
Ohmachi (1970). Two 163° rotated Y-cut shear wave lithium niobate
transducers were bonded to the crystal so that the sound propagated in
mutually perpendicular directions along the crystals' (110) axis.
Paratellurite is extremely efficient for the purposes of acousto-optic
diffraétion for shear (transverse) wave sound propagating along this
direction. A rectangular optical aperture of 5 mm x 5 mm was
available for light propagating near the (001) axis although no mention
was made as to the length and width of the transducers. The transducers
centre frequencies were both 24 M Hz and deflection of Tight into each
first order could be accomplished over a 6.5 M Hz bandwidth. With
90 mW of 'acoustic' power 13% of the incident 633 nm He-Ne laser beam
could be deflected into each first order. Operating their device
over twice the reported bandwidth an array of 70 x 70 just resolvable
spot positions was demonstrated by the composite order. By controlling
the composite order using a pulse modulated acoustic frequency method
(Uchida 1970) an alpha-numeric display was also demonstrated. The
percentage of light deflected into the composite order was not
mentioned however.

LaMacchia and Coquin (1971) have proposed the concept that X-Y

15



acousto-optic deflection may occur simultaneously within a singie
medium. Given the condition that the incident optical beam exactly
satisfies the bragg condition for each orthogonal sound column they
also have presented equations describing the variation of intensity of
the various orders with the associated refractive index change. For
this condition they have found that the intrinsic deflection efficiency
for two-dimensional deflection is the same .as that for a cascaded-
deflection system. They have stated, without qualification, that

the deflection efficiencies in each dimension should be the same.

It has been suggested that lead mo1ybdate.may be a suitable material?
for this type of device. They have also commented that the choice
between a two-dimensional deflector and a cascaded system should perhaps
be determined from practical considerations. Where adequate resolution
and deflection efficiency can be obtained with reasonable power levels
the two-dimensional deflector may be preferable, resulting in conserved
interaction material and a more compact device. An adverse effect

on yield may result due to‘the device requiring two transducers

however and they have thus suggested that a cascaded system may still
be preferable if device fabrication is a problem. Demonstration of a

device was not undertaken here.
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K i The Acousto-optic Interaction

3.1. Introduction

In this section the acousto-optic interaction between the
light and the two-dimensional phase grating produced by two orthogonal
sound columns is examined. The discussion is Timited to operation
which is well within the bragg regime and is first considered to occur
in a material that is essentially isotropic. The interaction has
initially been analyzed using the coupled wave equation method.
The analysis of the interaction has also been considered in terms of
the integral equation method where the incident light is in the form
~of a gaussian beam. The effects due to the misalignment of the two
sound columns have been considered along with the resolution, scattering
efficiency, and bandwidth associated with the composite order. . The
application of the two-dimensional deflection technique to materials
whigh are optically birefringent and in which abnormal, or birefringent,
diffraction takes place is discussed. First the principles of

operation are outlined.

3.2. Principles of Operation

When a plane travelling longitudinal acoustic wave propagates
through an optically transparent material the wave generates planes
consisting of high and low pressure regions caused by compression
and rarefaction. The refractive index of the medium is thus
correspondingly increased and decreased and consequently a travelling
phased grating is produced. The grating will cause scattering of 1light
incident .at the appropriate angle and the arrangement is analogous to
that of bragg X-ray diffraction by lattice planes of crystals.

Constructive interference occurs in the case of X-ray diffraction when

17



the incident radiation of wavelength x satisfies the well known

bragg relationship

sinB = rz%_

In the acousto-optic case the lattice spacing d is replaced by
the distance between the planes of maximum intensity of the acoustic
wave which is equal to the acoustic wavelength. Since the pressure
intensity variation is sinusiodal only scattering into the first
order is predominant. The incident and deflected opticai waves thus

make an angle with the acoustic wave normal given by

sinB= A _
2N

Also, because the phase grating is not stationary, the frequency
of the deflected 1ight is increased or decreased by an amount equal to
the acoustic frequency depending upon whether the angle between the
incident 1ight and the acoustic wave is positive or negative. In
practice, the optical and acoustic beams are of finite width. As a
result, spreading of the acoustic energy occurs, allowing deflection
to be achieved over a range of acoustic frequencies for a fixed direction
of the incident optical beam. Steering of the acoustic beam can also
be accomplished to allow efficient deflection over a range of acoustic
frequencies. Although the phase grating is physically three dimensional
the interaction is referred to here as one-dimensional since the

deflected light beam is scattered in one dimension only.

incidert dﬁ{;‘;@d

light
lg_ \ /
A A

\ acoustic wave

Fig. 3.2.1. One-dimensional acousto-optic bragg deflection.
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The objective in introducing an orthogonal acoustic wave is
to achieve a composite beam which is capable of being deflected and
scanned in two co-ordinates. Light from the incident beam is
deflected by each acoustic wave into two first orders which are
orthogonal to each other. The orthogonal acoustic wave with respect
to each diffracted first order beam will rescatter light from them
into a cross order and it is this order that is capable of being
deflected in two co-ordinates. Because this order can be ceflected
in two of its dimensions the interaction is referred to here as two-
dimensional although the acoustic phase grating is again physically

three dimensional.

3.3. Coupled Wave Equations

The interaction between 1ight and sound can be analyzed using a
coupled wave equation method. This has been done by Cohen and Gordon
(1965) for a single-dimensional deflector operating within the bragg
regime at low scattering efficiencies. Klein and Cook (1967) have
considered the same arrangement for high scattering efficiencies.
Mahajan (19?5) has analyzed this arrangement for sound waves of an
arbitary standing wave ratio. This method of approach has been
followed here for the two-dimensional case.

The geometry of the interaction is shown in Fig. 3.3.1. The
cptical beam propagates through the interaction medium in a directioﬁ
inclined at a small angle with respect to the z axis and the plane,
y=0. The two-dimensional optical phase grating is produced by-
two travelling sound waves, one propagating in the x direction and the
other propagatiné in the y direction. The resulting change in the
interaction mediums' optical permittivity, via the elasto-optic effect

(see Appendix A), can be described as,
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AE(xyt) =--12-4_'Z§..‘51 expj{.€2.1t—|(1x] +-12-£\,Ezexpj{n_2t -sz
+ complex conjugate EG. 34341

In the interaction medium the incident optical wave mixes with
the acoustic waves to generate a number of scattered waves. if the
incident optical beam has an angular frequency of w, and a wave vector
of k

the scattered light consists of waves having an angular frequency

and wave vector given by
W=, *may+hng
K =keemK, +nK, mn=t1,22 apc.
The amp1itdde of the electric field of both the incident

and diffracted optical waves can thus be represented as

El(xyzt) = !; ;_ Emnz) expj((Uo+mﬂ +nsz2)t

Eq. 3.3.2.
- k.cosAsinalemK,)x -(k.sina+nK_y —{k.ccsdcosp]z)
It is assumed that the optical and acoustic waves are both plane
waves. Within the interaction medium the incident and diffracted

optical electric fields must satisfy the wave equation

vZe UazlEE} 0
3t pe

The permittivity is included in the time derivative since it is

time dependent. The wave equation can be rewritten as

<]
m

2
. .1.2%2([1.%915) =0 Eq. 3.3.3.

Substituting Eq. 3.3.1. and Eq. 3.3.2. into Eq. 3.3.3. and
performing the required algebra a set of equations for the amplitudes

is obtained and is given by

32 - 2 jk cosdcosB3Emn+ 2k cosdlcosP ¥meFmn=
) z2 3z
" * EqQ. 3.3.4.
e lk (&51 m+in ¥ ‘%E‘!Em-tn +‘%§2Emn+1 3 %ZEW\-T)
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Fige 3.3.1. Geometry of accusto~optic interaction.
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i 2\ Z 2
where Y = (2ka1(EJ_—cos,B.sinc>{l -m Ky (1 - 1173 Eq. 3.3:5.
= c

2 2
+2nkK2 -smﬁ} i K (1 . _%_} +2 Y1Y2mnK, K

£ e o8 12 )/2 Kk coso{posfa

The second order term is negligible compared to the other
terms in Eq. 3.3.4. Since the acoustic frequency is negligible when

compared to the optical frequency the following definition can be made.

£ - m éae_i e s 2 Eq. 3.3.6.
Thus Eq. 3.3.4. can be rewritten as
Emn *Jxmn mn * '1‘2j (%Emdn E1El'n‘|.!'! Eq. 3.3.7.
2 mn+1 EZEm.n1 )

Since one desires to be able to deflect all of the incident
light into the composite order the interaction is assumed to be well
within the bragg regime and consequently the subscripts take on values
of 0 or 1 only. Eq. 3.3.7. yields the following difference-
differencial equations.

EE)O= b (EEyg - B Em)
b0 %1y =Fi(EEy ¢ E‘Em)
510‘1\310 Ep =% (EEgo- 211 ) g o
Egp 1y + Yoy ) gy = 3 (Ele0r - )
where ¥4 is replaced by X5 + ¥gq assuming the last term in Eq.
3.3.5. to be negligible , and the prime denotes differentiation.

If we first consider the case where the arrangement is symmetrical
in both x and y we may put ¥y5=¥g5 =%, 510 B Em -8, and Eyg = Egy
Thus the difference equations reduce to

DEy =) EEy
{9*131510 "Zj(EEﬂ EEoo) Eq. 3.3.9.
(D+j2¥)E,, = j BE where D = &
Solving for Eg, we obtain the differential equation,
(0% +3j% 0? +_(§2-23210 ¥ E)e =0 £q. 3.3.10.

22



The appropriate boundary conditions are,

at z =0 E =§

mn mn =0

' = 0 mn # 0
Solving Eq. 3.3.10. subject to the given boundary conditions

yields the following expressions for €., ,
E00=exp{—sz] (ADO" {Am—é‘,)cosvz +BmsinTz)
Eqg=expl-j¥2) (Amﬁ—cosﬂ'z) +B105in§'z) EQs 3.3. 10,
E,q=exp(5¥2) (A“H-cosi'z) +B11sin?z)
where Tt = (g2 %2 )}
Substituting the expressions of Eq. 3.3.1.. back into Eq. 3:3.9;
the constants in Eq. 3.3.11. can be found and by performing the necessary
algebra the solutions for the various orders are given by,
2
Eqg = exP(-j¥z) £o (cos t}?z y %—sin%“z)

Eg1= Eqg =exp{—j‘62).j.gi§°.sini'\‘z (cos%'{z +j%—sin%“z)
Yz

2

Eq. 3.3.12.

2
Eqq =expl-j¥2) - EE, '(sin-%i‘z)z
4 Atz

When trying to solve the four first order difference-differential

equations when ¥, #¥;,, E,# &0, and E,5#E, , the resulting
equations become complex and somewhat difficult to solve analytically.
However, because a solution has been obtained for Emn Wwhen the inter-
action is symmetrical a guess may be made for the general solution

of £, for the assymmetric case. Trial solutions can be made and

those which, upon substitution, satisfy the differential equations Eq. 3.3.8.

have been found to be

EUO = Eoexpl- v}jl‘dm va!Zl_ (cos%\}z +J%sin32-"1z)_(cos%“zz +3§%sm%?zz)

L]
Eyp = Eo_expl-%jlxm 360,)2}. 12~j 51_sin T2 .(oosa-ﬁ‘zz ~j%§sin%“2 z)
bR Eq. 3.3.13.

ED1 = é,,_exp[—%jlxmdmlzl"}j Ez.sin Sz -(cosa\'.lz +j‘%sin%“1z )
5%,

-~ ‘ .
Ey= —-Eo_exp{--%j{‘é.lo +‘({m)z] .§1 EZ _sin‘}‘qz _ sm%Yzz
Lo %Y 5%
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Consequently, if the interaction Tength is L then the intensity

of the various orders is given by,

]
Imn® EmnEmn

< 100= i (cosz%T1L+%2‘]sin2-%—Y1L) (cosz%"zL:%sinz%\'zL)
< g 2 il
110 =2 1s [EIILL (s.ir‘u-?‘\'zL)2 (cos -%TZL .«%sm %YZL)
i Eq. 3.3.14.
R S SO TS TN O
Igg = Lo |§2|L (sm-z\‘zL) (cos Z4L + ésm -2Y1L]
4 FT,L .
ad 1= T RS (s.-n%v,L) (smﬁ ;

16 5L
It is interesting to note that, irrespective of the values of
the various parameters in Eq. 3.3.14., the intensities of the various

orders can be related by,

Tog- 111 = Lo~ 1oy Eq. 133,18
Also, it is obvious that the sum of the intensities of the

orders must equal the intensity of the incident beam
; o
Thus, the examination of equations Eq. 3.3.14. shows that for
the interaction geometry considered the net effect produced is

essentially the product of two single-dimensional deflections.

3.4, Efficiency
The acoustic amplitude function, B 1s usually small compared to
¥ except at the bragg angle. If the incident beam satisfies the bragg

angle with respect to each sound column then ¥y = ¥p1 = 0 .
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Consequently the intensities are given by (LaMacchia and Coquin

1971, Chu and Mauldin 1973),
Iy = fo cos? JlEJL . cos? J[E L
1g = fo sin® §[EJL . cos® S [EL
= fosin S &L . cos’ 3 B IL i Ly
o sin?d [EJL . sinS IEZ||..
and the bragg angles are given by.

singq = v -K .
e 1(1 —12-) 24

-4
o
e

U

5 X Eq. 3.4.2.
sintbz::z.-fz_hv L
. Zk( ;%—) 2A,
where ¥jg = Kqlsind, - cosBsina) | cosdcosp
¥gr = Kylsing, - sin3) | cosa.cos/3
It can be seen that when -%IEJL and —%|§jL are equal

to %} all of the incident 1light can be deflected into the cdmposite

order I, and that the zero order and the two first orders are
extinguished.

By reverting to the case where the interaction geometry is
symmetrical, i.e., &; = &, , the variation of intensity of the
four orders with respect to the power of each acoustic wave is shown
in Fig. 3.4.1. For comparison the variation is shown for a single-
dimensional deflector. Because the composite order follows a sin®x
relationship the amount of light scattered at weak efficiencies is
quite small. When the acoustic power in each co-ordinate is equal
to that which can deflect 50% of the 1light in a single-dimensional
deflector the 1ight scattered into each order in the two-dimensional

deflector is 25%. Above this power level the majority of the light

will be deflected into the composite order.
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Here, the deflection efficiency in the first co-ordinate is

related by
fag e Byl Eq. 3.4.3.
6 2 1
, ny P
where M21 = ! ; is a figure of merit,

H is the transducer height and,
7 S T 2
S=2)«(5|n{_—IJ

[ 10

TT 2

A similar expression exists for deflection in the orthogonal
direction.

Use has been made of the expression (Gordon 1966),

R =40 vsiLH

where B and S are the acoustic Power and Strain respectively.

3.5. The Integral Equation

The acousto-optic interacticn can be described in terms of an
integral equation. The solution to the wave equation can be derived,
by the use of Greens' functions (Morse and Feshback 1953, Born and
Wolf 1959), to yield Kirchhoffs formula (Papoulis 1968). For the
general case the wave equation can be expressed as,

VZE +sz =W

Kirchoffs' formula has the form.

EolXY.Z) = f(E (%¥6,2) .3 GlGR) - G(l;,_R}_.BEb{,x,zol)ds,

5o 3, dA,
Eqs 3:5:1.
* IW G(IB,R} dV.,
Vo
where G(r,.R) = - exp(-jk(r, -R]) is the greens function in an
L1tin -R)

infinite volume and - Ee 1s the effect in the co-ordinate space
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(XsYsZ) produced by the source E in the co-ordinate space (xolyo,z0 !

The wave equation,‘as expressed in Eq. 3.3.3., can be written
in the form.

Ve, KE =5%2(A§Ei) Eq. 3.5.2.
where Eg and ko are the amplitude and wave vector of electric
field of the scattered 1ight and E; 1is the electric field of the
incident light.

This treatment assumes that the sound intensity is sufficiently
weak so that only a small fraction of the incident 1ight is deflected.
Effects due to rescattering-are assumed negligible. As previously
stated the interaction between the 1ight and the sound produces
scattered 1ight whose frequency is shifted by an amount equal to
multiples of the acoustic frequency. The interaction volume may thus
be considered as the source of the radiated bragg diffracted 1ight
signal. The volume integral in Eq. 3.5.1. therefore need only be
considered. Combining Eq. 3.5.1. and Eq. 3.5.2. the electric field
of the scattered light can be expressed as

Eg(XY.Z) =f°_22(-%§tx°y°z°1 (Ejl%%2)).GIR) dy,
e Eq. 3.5.3.

This approach has been followed by Gordon (1966) for considerations
concerning modulation and deflection between an optical beam and a
single acoustic beam, both of finite dimensions. McMahon (1969) has
shown by this approach that the interaction efficiency decreases as
the bragg angle increases and as the diameter of the incident light
beam decreases relative to the sound column thickness, and that the
difference between using an incident beam of gaussian or rectangular
cross-section is small. Also Maydan (1970) has used this approach ‘to

analyze the acousto-optic interaction for pulse modulation purposes.
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In the two-dimensional case substitution of Eq. 3.3.1. for the
fractional change in permittivity yields,
EJAXY.Z) = kg [z&_e’éllxo}.EI{uy.G{rmR}.dvo +k§ ﬁ_sgzty,}.Eilagyo,zol.G{ro,Rl.dv,

This mere1y° represents the light scattered into the two first
orders, I,y and Iy, only, and information concerning the composite
order is not given here since rescattering effects have been assumed
negligible. However, the composite beam can be expressed, in the limit
of weak scattering, by using Eq. 3.3.15., as

Iy = 1. Igy
Consequently, the am%]itude of the el-ectr-ic field of the

composite order can be expressed as,

Eq {XXZ) o< (A8 () £ iz ORI :Ex?Ez{yol.Ei{qumz‘),G{rmRl_dv°

Eq. 3.5.4,

The interaction geometry is shown in Fig. 3.5.1. The incident
beam considered here, which can be obtained from most laser sources, is
of a gaussian cross-sectioﬁ and can be expressed as,
E;(%%20) = ﬁo‘.exp(jk{cosﬁsina,xo + sinQy, - cos@agosa,zb))
.exp (— iz[(cosq,yo +sin@Qcosg,z,- sin Q,xo])z + (cosg, x, +sinBOz°]2])
where k is the wave vector and 2w, is the diameter of the beam waist .

Consequently, Eq. 3.5.4. can be expressed as,

E511u" fF-PE§1[<exp(-jK1xJ-dv0 C[F . %zl-exp{-jKZYO)'dvo' Eq. 30‘5.5-
Vo °

where

F = Ejlx¥Z), expl-jksR)
R

. exp {j kel cosflsingy %, +sind,y, -cos@o.cosgo.zal)

and where R>>r,

and’ R-p= R - %xo—%y,-%z,
“and X =cos@sinB E = sin0 %=C050C059
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Fig. 3.5.1. Scattering geometry of the two-dimensional deflector. The
accustic wave normals are x- and y- directed.
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Fige 345.2¢. Vector summaticn of tke two-dimensional interaction under
norral bragg conditions.
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The solution to the integral equation in this case is quite
lengthy. Solutions for the case where only a single acoustié beam is
present have been admirably dealt with and given by both Gordon (1966)
and Maydan (1970) and the extension of their results to the two-
dimensional case is quite obvious. The equation for the light
scattered into the composite order in the two-dimensional case given
here is thus similar to their solutions apart from the fact that the
incident 1ight enters the interaction medium at an oblique angle with
respect to both the x, and Y, axes and that it is the product of
two deflections instead of one. By assuming that essentially all
the incident light is included within the interaction area the resulting

distribution of the composite beam can be given approximately by,

[Es, J=<(Eowe). () Lh\li [erf t-;‘--::rf [erfzt%g&"ﬁl]ll
’TW‘" ; {Dcos%cosgg_,

]% _ expL EE (__1 2a ):l sin UL1+ cose_g )'b'

L- coscosg 2 R e (oge fﬂn@oﬁﬂjz

" ks
x  (Bw), lﬂg&z] LD ! erfl } G D costicosy 2 Eq. 3.5.6.
. w/a
ll‘_z*ﬂ) (DcosGcosl,)
Wo 2wy/a

% 2 }{2 )32 a i , tan L
A ((z;tjpgz)%z
\ cos

where a = 1 -sin2@,cos?t
and ¥4 = k cossinG +kscos@ sin® - K,

Kzf; X1 +* K1

o(1= 51 +K12 sinZF;ocosz_(_Dp

a
A= 52 +X§sin2 cos?
2a
L }{%sin%sin?@n

2a _
By=Mqyt K%sin&,sinZ@,
2a
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where 51 = .52 = kgcosBcosS -k cosl cosB,

o |
-
U

= -(ksin@, +k.sin®) and N,= Ny * Ko

The first term %n each part corresponds to the amplitude of the
optical beam. The second terms correspond to the amplitude of the
acoustic waves. The error function terms indicate that there is an
optimum acoustic beam height consistent with the diameter 2w, of the
incident optical beam. For a symmetric gaussian beam the optimum is
given when D =H &2 2w, . The final terms indicate that optimum
scattering is achieved when Kk = kK + R}-R; . Since the
scattering process is reactive, or parametric, the conservation of
momentum applies and is illustrated in Fig. 3.5.2. If the bragg
angle with respect to each sound column is not satisfied the vector
sum of the wave vectofs is no longer satisfied and consequently

scattering of the incident beam into the composite order is no longer

readily achieved.

3.6. Misalignment

So far we have considered the case where the interaction occurs
when the twe sound columns overlap, the two acoustic transducers are
placed so that they are at right angles with respect to each other,
and that the longitudinal axes of both transducers are parallel to the
Tongitudinal axis of the interaction medium.

When the two sound columns only partially overlap or do not overlap
at all no significant change to the interaction is produced. As
previously mentioned the composite beam is essentially the product of
two single deflections. Thus, if, say, the y propagating sound

column is of length L2 and is shifted along the z axis by a distance z'
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with respect to the x propagating sound column then the expression

for the composite beam in Eq. 3.3.14 merely takes the form,

I‘l1 T - |E1|2 |E2I2 L21 Lz2 (sin—%’i"lL.l)z in%\‘sz]z

T Y

where L; is the length of the x propagating sound column.

EG, 3.6.1

The variation in the length z' then has no effect upon the .
interaction and misalignment of this type is thus of no consequence.

Misalignment can occur if the Tongitudinal axis of the transducers
are not parallel to the longitudinal axis of the interaction medium.
This means that the wavefronts of the sound columns are propagating
in a direction which is at an angle with respect to the x or y axis.
This can simply be corrected by readjusting the direction of the
incident light so that the bragg angle is again satisfied with each
sound column. This misalignment merely repositions the longitudinal
axis of the interaction medium and is thus also of no real consequence.

The most significant type of misalignment is when the two sound
columns are not orientated at right angles with respect to each other.
When this occurs the wave vector summation is not satisfied and the
def]ectioﬁ of light into the composite order will become increasingly
difficult as the misalignment increases.

Consider the case where the change in optical permittivity is
produced by an acoustic wave propagating along the x axis and by ;
another propagating at an angle e with respect to the x axis and lying

in the plane z

0. This is given by,

AE(xy.t)

-%.AE,.exijQ,t -Kyx) o+ %.&Ez_expjmzt -KcosB.x -K;sinB.y )

+ complex conjugate

£q. 3.6.2,
Following the coupled wave analysis the resulting equations )
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are the same as that in Eq. 3.3.8. except for the modifications,

¥qq = 8qq + $ig +2 KKy vy v, -cos B

15001 * % 1 2(1_c77_ ) |

¥on= 2 K3k (1 - sinp sind ) - K51 ‘é};) £q513.5:3,
and ¥jg is the same as that previously defined in Eq. 3.3.5.

The last term in the expression for ¥, is no longer negligible
when the sound columns are not at right-angles with respect to each
other. The inclusion of this term considerably complicates the analysis
and an analytic solution for the different orders has not been
found possible. By considering that the interaction medium is isotropic
and that the 1ight satisfies the bragg angle with respect to each
sound column i.e. ¥y = ¥y5=0 , the difference-differential
equations have been solved numerically using Runge-Kutta techniques
for the following conditions.

v =10%mis , ¢ =10°mis, A =500nm

By assuming that when the two sound columns are at right angles
to each other the acoustic power is such that all the 1ight can be
scattered into the composite order, i.e. 51 : Ez= W for:  Lslm - 4
the difference equations can be simplified, for a symmetrical
arrangement, to

Ego =TT Egy
Eqg= Egy = % im (EggeEyq )
E;*j§@ﬁ=j”5m

The variation of the intensity of the composite order I, is

Eq. 3.6.4.

shown in Fig. 3.6.1. as the angle 8 varies % 10° about 90°.
Also shown is its variation for different values of the bragg frequency
where,

TR or ﬁbmgg =n fgy (see section 3.8.1.)

The variation of intensity with angle 8 of the other orders as
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well as the composite order is shown in Fig. 3.6.2. corresponding to the
highest bragg frequency‘considéred here. -

It can be seen that the optimum setting for the conditions
mentioned is when the sound columns are at right angles with respect
to each other and for angles other than 90° the efficiency of
deflection of 1light into the composite beam decreases. The criticalness
of alignment is dependent upon the bragg frequency. At low frequencies
the tolerance is quite large but as the frequency increases the
criticalness increases rapidly.

Although it is shown that all the light can be scattered into the
composite order when properly aligned, in practice, at Tow frequencies,
this is not strictly true. Lighf will be deflected into orders other
than the four considered here and the maximum amount of light that
can be deflected into the composite beam will be somewhat less than
that in the incident beam. Low frequency scattering for single-
dimensional deflectors has been considered by Kiien and Cook (1967)
for example. Thus the situation here is only reached when n" is
very large and consequently the angle © must be 90° for efficient

composite order deflection.

3.7. Resolution

It is well known that the resolution that can be obtained from -

a one-dimensional deflector is given by,

N T e B (s s

=48
180
where N is the number of resolvable spots, A8 is the total angular
range in which the incident optical beam can be deflected and &2 is
the angular spread of the deflected beam. The angle 48 by which

the deflected beam can be changed by changing the acoustic frequency

36



Af is given by,

- A Af
AG 2 Eq. 3.7.2.

Normally, the deflector is operated in the condition where the
divergence of the incident beam is much smaller than the spread of
the acoustic beam (Gordon 1967, Randolph and Morrison 1971). The
divergence of the deflected beam is therefore equal to the incident

beam and is given by,

60 =do A Eq. 3.7.3.
W .

where W is the beam width and « is a multiple factor which depends
on the shape of the optical beam and the resolution criterion used.
Using Raleighs criterion, « = 1 for a rectangular beam and 1.22 for
a circular beam. For a gaussian beam <= 1.27 where W corresponds
to a decrease in intensity to iy/e2 . The maximum number of
resolvable spots is therefore given as

N =TAf

% £q..3.7.4.

where T =W/y 1is the transit time of the acoustic wave across the
optical beam. For high speed and high resolution the interaction
bandwidth tﬁus needs to be maximized.

For the two-dimensional case the resolution that can be achieved

by the composite order is thus given by
N, N, = &f, T, Af &

T Sl _z_z_z_d : Eq: 3.7.5.

where the subscripts relate the various parameters to each orthogonal

dimension.

3.8. Bandwidth

Since the acousto-optic deflection of the composite beam is

essentially the product of two single-dimensional acousto-optic
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interactions..the variation of intensity with frequency of the composite
order in each of the two dimensions is merely the product of the
bandwidths achieved by the two first order beams deflected in each
co-ordinate. The methods of achieving a satisfactory bandwidth from
differént transducer configurations is thus considered and reviewed
‘for a single-dimensional deflector. In this case the deflected first
order intensity, under normal bragg diffraction conditions, and in
the 1imit of weak scattering, can be expressed as (Cohen and Gordon
1965, Pinnow 1971a) ,

2

lij; =< (sir;()() .(sinYmY)z Eq. 3.8.1.

where the first term gives the response of a transducer element and
the second term indicates the response of a transducer array. Also

U = ¥ since & is assumed negligible.

3.8.1. Single Transducer

For a single transducer the second term in Eq. 3.8.1. is equal to

unity and in the first term,
X = $¥L Eq. 3.8.1.1.
where L is the transducer length and

¥ = KIL- - sing) [ cost, | Ege 3:8:1.2:
- here,§, is the bragg angle.

It is convenient to define the upper and lower bandwidth 1imits
when the quantity X is equal to + 3 =. This means that the intensity
of the deflected beam has been reduced to 0.405, or approximately -4 dB

of its maximum value. Thus from Eq. 3.8.1.1. and Eq. 3.8.1.2,

‘%BL = -%—K l'zi"( = slneoll-/coseo Eq- 3.8-“.3.



Eq. 3.8.1.3. is quadratic in acoustic frequency , f, and a solution is

given for this by

$ % £ e f°(1 + {%XL} ZKQCOSB‘,)‘% Eq. 3.8.1.4.
N1 L sintg,

‘where f, =1 v sing,

Ao
: L . .
By remembering that sing, = T we obtain
fo = ¥ fg

By substituting in the limits for %XL into Eq. 3.8.1.4. and

assuming that cos@,=1 , the -4dB  frequency limits are given by,

1 +
foag 7 a1 +01 2 3—314“) Eq. 3.8.1.5.
2 2
where Q = LK = 21LAMy
k n vé

Klien and Cook (196?)‘have defined the quantity Q in the above
manner. They have defined that when Q > 4n the acousto-optic
interaction is.clearly within the bragg regime and efficient diffraction
of 1ight can be achieved into the first order. Scattering into other
orders becomes increasingly difficult as Q becomes large. For Q < 0.5
the interaction is essentially within the Raman-Nath regime and the
diffraction of light into orders other than the first becomes
significant. From Eq. 3.8.1.5. it can be seen that when Q = 8r
the Tower frequency 1imit is equal to half the bragg frequency. If
the deflector is adjusted so that the bragg angle is satisfied for
this frequency then Q becomes 2r. This frequency is called the

minimum bragg frequency —
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BM Eq. 3.8.1.6.
Mot -

and below this frequency the device is operating outside the
bragg regime. Thus, when Q = 8 the maximum bandwidth that can be
achieved with a single transducer is
' ST
and for higher values of Q, although the interaction will be moved
further into the bragg regime, the available bandwidth will be
decreased. '

For a given bragg frequency and a given bandwidth the value of

Q, for operation to occur within the bragg regime, is given by

1
1,241,272
Q = 8 b-(1-7“75 ]) Eq. 3.8.1.7.

3.8.2. Planar Transducer Array

When the acoustic transducér consists of an array of m elements
in which each element is driven with a constant phase increment with
respect to its neighbour the acoustic beam can be steered so as to
approximately track the bragg angle over a particular range of
acoustic frequencies. When successive transducer elements are driven
with a phase increment of = radians the far field pattern of the
acoustic energy consists of two major lobes as shown in Fig. 3.8.2:1.
in which the angle they subtend from the normal varies inversely
with the acoustic frequency. This transducer configuration has
been considered by Gordon (1966). In Eq. 3.8.1. the properties of

the array are governed by the second term. If d is the separation
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between the elements then,

The interaction is at an ﬁptimum when ¥d = -1 . Since the
optical beam interacts with only one of acoustic lobes the acoustic
energy in that lobe is oniy 0.405, or approximately -4dB, of the
total acoustic energy supplied. Because the angle between the lobe
and the normal varies inversely with frequency the acoustic beam
satisfies the bragg condition exactly at two frequencies only as
shown in Fig. 3.8.2.2. The resulting variation of intensity with
frequency will éppear similar to that as shown in Fig. 3.8.2.3. The
intensity at the centre frequency will be reduced somewhat, the value
of which is given by -

Ml (Sl_}g«lr(r'l)z

and corresponds to the condition —%(b’d s+l =-Kmt . The

centre frequency is thus given by

1
o = bt fo(1 - (me2K) Do )’2' Eg. 3.8:2. 0+
m  Ndsin’e,

where t, = Dw.
Ao Sin 6

fo is equal to f when

Nnd sinzao z I\o(m +2K) Ea. 3.8.2:2:
m
or md =W = A v2 (me+2K) Eq. 3.8.2.3.
n

where W is the total length of the transducer array, assuming that
the spacing between the elements is negligible. Referring to Eq.
3.8.1.6. the minimum bragg frequency can be defined for the transducer

array as,

f L RPN Eq. 3.8.2.4.
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Substituting Eq. 3.8.2.3. into Eq. 3.8.2.2. gives the centre

frequency as

1
o= fo = fg (me2K)? Eq. 3.8.2.5.

The two frequencies at which the bragg condition is satisfied

exactly is given when

mY =0
or when ;
f-f(1+(1- 2 )%) Eq. 3.8.2.6
B C - Weo qn LDl el

Substituting Eq. 3.8.2.2. into Eq. 3.8.2.6. and re-arranging one

§io JZ)

7
. fBM([m +2K)° £ (2K)

obtains

fy Eq. 3.8.2.7.

The upper and lower -4dB frequencies are given when
1
mY. = —2-11'

or when

=f (1201 «(1-m).__ Mo Jf-’ Eq. 3.8.2.8.
aa el 2 m  nd sinze,)) i

f

Substituting Eq. 3.8.2.2. into Eq. 3.8.2.8. and re-arranging one

obtains

1 1
f ({m 2€)2 :lnzn«‘}?) Eq. 3.8.2.9.

-udE" BM
Thus the available bandwidth that can be obtained from a planar
transducer array is

1
7
At =201+ 8, Eq. 3.8.2.10.

If the value of K' is made equal to 3 then the intensity at the
centre frequency will be a -4dB point also. The bandwidth obtained
is then given by

A f a2l fam
and is twice that which can be obtained from a single transducer.
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Alphonse (1975) has considered the planar transducer array by ex-
amining the behaviour of the acoustic far field. Similar results were
obtained and he has demonstrated experimentally the behaviour of a four
element transducer bonded to lead molybdate. However, with four or
less elements the lower -4dB frequency limit is below the minimum
bragg frequency and for three and two elements so is the lower bragg
frequency. The full available bandwidth can only be utilised when five
or more elements are used. For five elements the maximum fractional
bandwidth of 1.15 is realised and decreases as the number of elements
increase, that is, for a fixed total array length. For example, for a
fractional bandwidth of 0.67 the number of elements is 17. The first
term in Eq. 3.8.1. will reduce the available bandwidth to a small extent
when only a small number of elements are used. So, although it has
been shown that an increase in the bandwidth is possible when a planar
transducer array is used compared to that of a single transducer, a
wreduction in the scattering efficiency also occurs. Gordon (1966) has
shown that the efficiency-bandwidth product for a planar array is
essentially the same as that of a single transducer. Although here
‘the element length to element separation ratio L/d is assumed to
be unity he has shown that it should be ideally 0.742 for an optimum

efficiency-bandwidth product.

3.8.3. Stepped Transducer Array

A method of achieving first order acoustic beam steering so as
to obtain a large interaction bandwidth and yet overcome the loss in
interaction efficiency as experienced with the planar array is to
use a stepped transducer array. Heré the ‘transducer elements are
arranged 1h the form of a staircase on the interaction medium so that

a fixed acoustic delay exists between each element with respect to
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its neighbour. With the elements driven with the correct electrical
phase the lobe of the far field acoustic energy distribution can be
made to vary about the transducers' normal in which the steering
angle varies inversely with respect to the acoustic frequency. The
arrangement is shown in Fig. 3.8.3.1. and such a device was first
investigated and demonstrated by Korpel (1966) for producing the
horizontal deflection in a television projection display. In this
application, the step height was made equal to half an acoustic
wavelength of the centre frequency and the elements were driven =
radians out of phase. Coquin et al (1970) have examined this
arrangement and have shown that the tolerance on phase shift between
each sound column, and hence variations in step height, is not
critical. Indeed, by using a stepped transducer array device and
by varying the electrical phase to each element they have been able
-to achieve near perfect first order beam steering over a wide fractional
~bandwidth. Also, they have shown that even at large scattering
efficiencies the arguments relating to weak scattering efficiencies
are still valid.

Pinnow (1971a) and Sittig (1972) have considered the case where
~the step height is an integral number of acoustic half-wavelengths,

R Eq. 3.8.3.1.

where A is the acoustic wavelength at the centre frequency and P
is an integer and the steering angle is given by,

6 =pv (4F'; 1

24 fe £q. 3.8.3.2,
In this case the values in Eq. 3.8.1. are given by
X = TIL sing,
4 ; Eq. 3.8.3.3.
Y =Td sin(B:-0)

A

Because the acoustic beam steering angle is inversely proportional
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to frequency the resultant acoustic beam, as in the case of the

planar transducer‘array, will only track the bragg angle approximately
and will satisfy it exactly at only two frequencies as shown in

Fig. 3.8.3.2. It has been shown (Pinnow 1971a) that the element

length is given by
2
L& 2N (_1_+1)

Ao{fH‘fL] fH fL Eq. 3.8.3.4.
and the element separation is given by
2 k (fy+f) Eg. 3.8.3.5.

where f and f, are the frequencies at which exact bragg angle

_tracking occurs. The centre frequency is given by
fc = JZ-HH * le Eq. 3.8.3.6.

‘At the bragg frequencies the intensity of the deflected beam is
reduced somewhat due to the first term in Eq. 3.8.1. The value
of k is given when

I o< [sinkTr 2
Iitg) (—_-kﬂ ) Eq. 3.8.3.7.

In the previous two cases fractional bandwidth decreased as
the transducer length was increased for a given centre frequency.
In this case the fractional bandwidth is much less dependent of the
length of the array. The obtainable bandwidth is essentially
.dependent upon the element length, element separation, and step height.
So long as Eq. 3.8.2.4. is satisfied the length can be increased
as required so that the interaction efficiency can be increased., Also
due to the fact that the step height is not limited to merely one
acoustic half wavelength the elements are electrically fed with a
phase of = if p is an odd integer or are fed in phase if p is an

even integer. However, for solid interaction mediums the acoustic
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frequency is usually above 100 M Hz. The acoustic wavelength is
thus about 20um or less. Consequently, manufacturing difficulties
accompany this type of configuration when large element arrays are

required,

3.8.4. Stepped Array for Liquid Deflectors

Liquids, in particular water, have been used as the interaction
medium in a number of devices and the stepped transducer array was
first demonstrated (Korpel 1966) using such a medium. The transducers
were bonded to an intermediate material, in this case glass, so
that a reasonable transducer bandwidth could be obtained. The steps
were made on the glass-air boundary and the boundary between the
glass and water was plain. Vorshol et al (1975) have suggested that
a planar transducer array be bonded to the plain side of the intermediate
~material and that the stepped side is in direct contact with the 1iquid.
The arrangement is shown in Fig. 3.8.4.1. Although the design
considerations given by Pinnow (1971a) essentially hold true, the
height of the steps are no longer an integral number of half wavelengths
long.

The transit time of an acoustic wavefront between the steps
in the intermediate material is given by,

T & biv Eq. 3.8.4.1.

The same transit time taken by the acoustic wavefront in the 1liquid
to travel the distance d”is given by,

T — d’lvl _Eqa 3.8.4.2.

Consequently, the effective step height between the acoustic columns is,

| :h—d‘r :h(1-VlfVm} Eq. 3.8.4.3-
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and the associated acoustic phase difference is thus given by,

@ =2wh (1 - A Eq. 3.8.4.4,
ey
If the elements of the planar transducer array are driven
with a phase increment of nm radians with respect to their neighbours
the effective step height is an integral number of half wavelengths
and the actual step height formed on the intermediate material is
given by
A
h o= m_ Fh £q. 3.8.4.5.
l1 - Vllvm}

Hence, the integer p in Pinnows' analysis is replaced here by

L R Eq. 3.8.4.6.
(1 - Vl/%n}
The interaction efficiency and available fractional bandwidth for
this configuration are the same for the conventional arrangement.
However, it does make the manufacture of both the steps and the

transducer array somewhat easier.

3.8.5. Tilted Transducer Array

It has been shown by Tsai et al (1976) and by Kim (1976) in
work concerning bragg deflection in thin films by using surface
acoustic waves that a large bandwidth and reasonable efficiency can
be achieved by using an array of transducers in which the propagation
direction of each element is tiltad with respect to its neighbour.
The elements have staggered centre frequencies and are tilted so
that at its centre frequency the acoustic wave generated by an element

satisfies the bragg condition.
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When applied to bulk acousto-optic deflectors it appears as
the arrangement shown in Fig. 3.8.5.1. Here, two elements are
considered. The incident 1ight first passes through the sound
column 1 and the emerging zero and first order beam amplitudes are

given by, 1
E, = E,epljtan’(%tantiL), (1 - 8707
T SRR R SR ey e 1

2%

1. .
E1 = j EoBy

where 8§ = ﬁ sin Y1L
1
2Yy

The amplitude of the 1ight deflected into the first order by the
second sound column 2 is given by,

(2) . : 1

Ey = E0|L1_J 5, expj(¥,d + m-'fXZLZ)
The term @ accounts for the difference in phase between the two

interactions. The net deflected beam amplitude is therefore given

by
o 5(1“: E(11l ¢ EI121
1
- 2. "
= JE, §, + 82(1 -81 )2 exp(j8) )

-1 1 .
where 8 = tan (_g’_%_tun Gly) +¥d-Z¥L +0
1
The resulting intensity of the first order is then given by,

T *
. &0 g

Although this arrangement has been successfully demonstrated
in thin film devices a number of disadvantages occur when applied
to a bulk acousto-optic device. Since the transducer centre frequencies
are different, then the thickness of each element will also differ.
Consequently, with the same electric field applied to each element
the phase of the acoustic wave emerging from each transducer with
respect to each other will be different and will vary as the frequency

varies. The variation of the phase of a generated acoustic wave with
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respect to the frequency-thickness product has been shown by Sittig
(1969). Also an additional phase factor is introduced because the
element centres are at different heights from each other. Also in
this arrangement the angle of tilt,oc , is quite small. Consequently,
if the transducers are made from piezo-electric platelets the separation
length d has to be quite large so that the grinding and polishing
of the second transducer does not damage the first transducer. Thus,
these three effects contribute to the phase factor ® and unless
compensated for will severely effect the bandwidth. For thin film
devices these effects are not so serious and can be compensated for
electrically by the use of transmission lines (Tsia et al 1976).
It should also be mentioned that the interaction bandwidth is also
dependent upon the direction in which the 1ight enters the deflector.
The complicated nature of this arrangement really precludes it
as a practical system. Although the phase terms could be compensated
for by introducing an acoustic delay in the form of a step, a stepped
tilted array would be somewhat beyond present technology and may
only become viable when the conventional stepped array can be

manufactured with relative ease.

3.9. Diffraction in Anisotropic Media

It has been shown by Dixon (1967a) that the acousto-optic
interaction becomes significantly different when it takes place in
an optically birefringent material and the acoustic wave is, in
general, in the form of a shear wave. If the incident 1light beam
in the interaction medium is the ordinary ray the diffraction process
causes the polarization of the diffracted wave to rotate by 90° with

respect to the incident beam and thus the diffracted beam becomes
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the extraordinary ray. The interaction can be represented in

terms of the wave-vector summation and is shown in Fig. 3.9.1. for
single-dimensional deflection. The vector summation.can be approximated
for large variations in the acoustic wave vector and consequently

the bandwidth of such an interaction is considerably larger than

that of 'normal' bragg deflection. This type of deflection has

been reviewed extensively by Uchida and Ohmachi (1969), Warner et

al (1972), Uchida and Niizeki (1973), and Chang (1976). The

theoretical analysis of the diffraction process has been given by
Parygin and Chirkov (1975).

In the two-dimensional case the interaction is no longer the
superposition of two similar effects. Assuming that the two sound
columns are shear waves the incident ordinary wave will be deflected
to become the extraordinary wave by one sound column. The other

sound column will deflect this first order beam into the composite

- order. The polarization of this order will then be the same as that

of the incident beam. The interaction bandwidth achieved by the
second deflection is not the same as that achieved by the first
deflection. However, so long as the momentum conservation considerations
are satisfied, a composite order can still be obtained.

It has been demonstrated by Chang and Hecht (1975) that when
the interaction has been adjusted so that the first order diffracted
wave is at right angles to the acoustic beam, light from the first
order can be efficiently deflected into the second order as shown
in Fig. 3.9.2. The amount of 1ight that can thus be deflected into
the second order is dependent upon the amount of 1ight deflected into
the first order. High scattering efficiencies are preferred here to

minimize the first order deflected 1ight. For a given acoustic
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bandwidth and a given optical aperture the resolution obtained is
reported to have been increased over that of first order deflection.
The polarization of the second order beam is the same as that of the
incident 1ight beam.

This arrangement can be applied to the two-dimensional case.
Since the second order beam is of the same polarization as the
incident beam the second order beam becomes the incident beam for
deflection in the orthogonal dimension. Tﬁe need for high scattering
efficiencies here is twofold. Firstly, to obtain efficient deflection
of Tight into the second orders and secondly, to obtain efficient
deflection into the composite order. The scattering efficiency to
the second orders as well as the scattering from the second orders
to the composite order are both proportional to a sinhx relationship.
Thus, the scattering efficiency from the incident beam to the composite
order is proportional to a sinex relationship and unless high
scattering efficiencies are achieved the light deflected into the
composite order will consequently be small.

The problem with this type of deflection is that the interaction
is entirely dependent upon the natural birefringence of the material.
For most suitable materials this means that the acoustic frequency
must be in the G Hz region and difficulties arise in trying to
produce efficient broadband transducers at such frequencies.

Warner et al (1972) have pointed out that the arguments relating
to birefringent deflection are equally applicable to materials
that exhibit optical activity. Paragg]]urite. Te02. is such a
material which has an extremely high figure of merit, MZ' Its crystal
class is tetragonal and for light propagating near to the optic axis
efficient deflection can be obtained by a shear wave propagating along
the [110] axis. Due to its crystal symmetry efficient deflection

can be obtained with the sound propagating in the orthogonal direction.
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In this material the difference in the refractive indices associated
with the optical activity is such that for optical frequencies the.
acoustic frequency is below 100 M Hz. Since at these frequencies the
acoustic wave is comparatively easy to produce, a two-dimensional
deflector utilizing the second order beam could be realised using
this material. As mentioned previously the composite order can be
achieved when only the first orders are used and an X-Y device

using this material in this way has been demonstrated by Uchida (1973).
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g ' The Generation of Bulk Acoustic Waves

4.1. Introduction

Any device that can produce a mgchanica1 force and thus force
a displacement can be used as an acoustic generator., The generation
of bulk acoustic waves within a delay medium for frequencies of 1
M Hz and above is best accomplished using single crystal piezo-electric
transducers. These consist of thin platelets bonded onto the delay
medium and electrically driven by a r.f. voltage. In this section
the theoretical behaviour of such a transducer is considered. These
piezo-electric layers have previously been analyzed by considering
a single mode, one-dimensional theory developed by Hason (1948) and
the equivalent circuit medel has been extended to account for the
effects of electrode and bonding layers by Sittig (1969), and Reeder
and Winslow (1969). An analytic approach has been given by Berlincourt
(1964) for an unbounded, single mode resonator and by Foster et al
(1968) for the bonded multimode case with special reference to
cadmium sulphide and zinc oxide. For the satisfactory design and
determination of performance of a transducer, knowledge of properties
such as acoustic velocity, electro-mechanical coupling factor,
electrical impedance as well as bandwidth and insertion loss is
required. The analytic approach has been followed here which is

applicable for transducers made from any crystalline material.

4.2. Definitions

When a body is deformed by the application of a force the
distances between points in the body subject to the force are different

from those between the same points when the force is removed. The
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difference in distance between those points is called the particle
displacement and, in co-ordinate form, is defined, according to

the IRE standards on piezo-electric crystals (1949) as,

v, i=123 Eq. 4.2.1.

The various points on the body are displaced differentially
with distance. This is called the strain (Nye 1957, Musgrave 1970,

Federov 1968) and, in tensor form,is given as,

S. =1 dy; du;
i =1 = -ﬂ’?) Eq. 4.2.2.

The subscripts run from 1 to 3. The strain tensor is also symmetric,

Sij - Sji 5 Eq- 40203:

The stress, the differential force per unit area, within a

deformed body is, in tensor form, symmetrical and is defined as,

Th =5 Fe Eq. 4.2.4.

In a non-piezo-electric material the stress and strain are
linearly related. The constant of proportionality expressing siress
in terms of strain is called the stiffness and is denoted as C,
so that

T.. =C.

ij ~ ikl Skl Eq. 4.2.5.

In a strong1y’piezo-electric material the elastic and dielectric
linear effects are coupled to each other. It is possible to write
the constituent relationships for a general piezo-electric material
in a form which makes any two of the quantities - stress, strain,
electric field or electric flux density jndependent (Holland and

Eernisse 1969). For the purposes here the following constituent
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relations are used (Mitchell 1972)

£
T =C

i =CikiSkt T mijEm Eq. 4.2.6.

s
Dn = enkiSki * €nmEm Eq. 4.2.7.

where e is the piezo-electric co-efficient tensor and C is
the stiffness at constant electric field.

The electric field is given by,
R Eq. 4.2.8.

where ¢ is the electric potential

A further important equation used here is the statement of Newton's
equation of momentum conservation. Given in differential form the

equation is,

aT:: =p azui

1J
d x. 'étz
J

Eq. 4.2.9 .

From these definitions ard equations we are now able to proceed
in tackling the problem of ané]yzing the piezo-electric transducer.
Although these equations have merely been stated here a more detailed

treatment may be found in the references cited.

4,3, Acoustic Wave Velocity

The transducer geometry to be considered is shown in Fig. 4.3.1.
The theoretical model consists of a piezo-eTectric layer with two
perfectly conducting electrodes completely cdvering the faces. The
plate is assumed to be infinite in its lateral dimensions. Thus
variations can only occur in the direction normal to the transducer

faces, i.e. in the X1 direction and variations in the Xo and X3
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directions are assumed to be zero. The plate thus vibrates
in the thickness mode. It is also assumed that the bottom face is
rigidly bonded onto the delay medium and that the surface of the top
electrode is free and is undisturbed. The acoustic wave generated
by the transducer when an alternating voltage is applied to the
electrodes will thus propagate across the bonded face and into the
delay medium.

Since variations can only occur in the x; direction the

constituent relations,Eq. 4.2.6. and Eq. 4.2.7.,can be written as,

- + - -3. .
By =415 * & By Eq. 4.3.2
and the equations of motion can be written as,
Sl = L u.
i T Pl Eq. 4.3.3.
3%y

Sinusiodal variation with time has been assumed here. Use is also

made of the electrostatic equation,

DivD =3Dy =0 Eq. 4.3.4.
éx1

pue to the symmetry of the strain tensor and also due to the symmetry
of the stiffness tensor ; C:U-kl and Cﬁlk are identical, the

strain can be written here as,

sk1 = Buk Eq. 4.3.5.
3 X4
Substituting Eq. 4.2.8. and Eq. 4.3.5. into Eq. 4.3.1. and

Eq. 4.3.2. one obtains,

- A

ax 6x1

1
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D‘l =eyqdu, - Es.”a.i Eq. 4.3.7:
6X1 éxi

~Substituting Eq. 4.3.6. and Eq. 4.3.7. into Eq. 4.3.3. and

Eq. 4.3.4. one obtains,

2
C?m ézuk * E‘m,ézi +pLy; =0 Eq. 4.3.8.
éx12 3x12
A2 S
&x1 éx.l

Substitution of Eq. 4.3.9. into Eq. 4.3.8. yields,

T Uy + oW, = 0 Eq. 4.3.10.
ax12
where  Tiui = Cigq * gt e
€4
By assuming that the particle displacement varies sinusiodally with
distance Eq. 4.3.10. can be re-arranged and written in the form

~(Tiersten 1963),

2
Citk1 =S

p

=0
“k Eq. 4.3.11,

: 2
where &, is the Kronecker delta and v2 = w7 K2

The solution to the determinant in Eq. 4.3.11., known as Christoffels
Equation, yields three eigen roots. These correspond to the square
of the velocities of the three waves which may propagate within the
material. The direction of the particle displacements associated
with each of the three waves is given by the eigenvectors, u, . Thus,

for a given acoustic wave velocity vl

particle displacement vector uﬁl

there corresponds a
, where L denotes the wave under

consideration and takes on values of 1 to 3.
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4.4, Particle Displacement Angle

In an isotropic material the direction of one of the particle
displacement vectors is in the same direction as that of the wave
normal. This wave is called the longitudinal wave. The particle
displacement vectors associated with the other two waves are orthogonal
with respect to the wave normal direction and are orthogonal with
respect to each other. These are transverse, or shear waves.

In an anisotropic medium, although all the particle displacement
vectors are orthogonal with respect to each other, the particle
displacement vector associated with the longitudinal wave may
deviate by an angle & from the wave normal direction as shown in
Fig. 4.4.1. Also, one of the shear wave displacement vectors may
not be orthogonal to the wave normal direction. In this case the
waves are termed quasi-longitudinal or quasi-shear. The value
of © can be determined from the vector product between the wave
normal vector A and the longitudinal particle displacement vector as,

8 = cos [(G(long]'ﬁ]:l _ Eq. 4.4.1.
Iﬁ{long}]

This property is important in so far as if the transducer, say,
is such that it generates a quasi-longitudinal wave, and it is bonded
onto a delay medium which is isotropic, there will be generated
within the delay medium not only the longitudinal wave but also shear
waves too. Some power is then lost from the wanted wave into unwanted
modes due to mode conversion. This effect will be enhanced if the

delay medium is anisotropic also.
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4.5, Transducer Impedance

In order to determine the electrical properties of the
transducer, solutions for both the stress and particle displacement
are required. The analysis here is similar to that given by Foster
et al (1969). The particle displacements can be expressed in the

form,

(1) () ;
up' = ual! exp jwlt = x,)
; K i Eq. 4.5.1.

Here, Qt} are the unit vectors describing the directions of the
particle displacements and ol are the magnitudes of the displacements.

The magnitudes can be described in the form of,

u“] = Amsm Kmx1 + Bmcos K“

The unknown amplitudes, A“) and B“} » will be determined so as

. Eq. 4.5.2.

to satisfy the appropriate boundary conditions.

The stress can be exprssed in the form,

gl o £ 4.5 %

Thus, by substituting Eq. 4.5.2. into Eq. 4.3.6. and Eq. 4.3.7.

the magnitude of the stress can be found to be,

T, w2 Aleos K“L:1+ Bmsin Kmx.l ) - emD] Eq. 4.5.4.
&
in which 2 - p_v“) are the acoustic impedances associated

(1)

with each wave and e =e, . . aﬂl are the effective piezo-

1k1
electric coefficients.

The stress at the transducer - delay medium interface must be
continuous across the boundary if the transducer is rigidly bonded

onto the delay medium. Thus the stress at Xy = -h must satisfy

the boundary condition,

2 ul.l-—h] =0

Eq. 4.5.5.
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where use has been made of Eq. 4.3.1. without the piezo-electric
contribution and 23} are the acoustic impedances associated with
the three waves propagating within the delay medium. The stress

at the transducer - top electrode 1‘ntelr-fat:e.'x-I = h, must satisfy

the condition,

T (h) = 0 Eq. 4.5.6.

This will be true if the thickness of the top electrode is
negligible compared to the acoustic wavelength. It is also the
optimum and most desirable condition since it is required that the
acoustic energy should propagate into the delay medium and not leak
out into the top electrode material. Before use i§ made of Eq. 4.5.5.
it is convenient to refer the acoustic impedances to the axes as
defined in the transducer medium by the particle displacement unit

vector, u%’ . Thus Eq. 4.5.5. can be expressed as,

M - jud w20 Eq. 4.5.7.
ml

4 Loath m _(1)
where 7dml =z 'Sij'ai - g
The particle displacement at the boundaries can be expressed
in terms of the stress by using Eq. 4.5.2. and Eq. 4.5.4. together

with the boundary conditionsto obtain,

um(-h) = (Tm(—l'ﬁ cot 2 Em - el”D1 tan Kl” )

Uz“] E;1 ch 4.5.85
uu{hl ) (emllI tan X“) + Tml-hl ) Ea. 4.5.9
Bz sin2¥1 AN

(1)
where X = Why (1)

Consequently the substitution of Eq. 4.5.8. into Eq. 4.5.7. yields

the following set of simultaneous equations for the stress at the
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boundary, Xy = -h,

) |
- g cotzx"“’r_“f-m v o @0yt = 0 Eq. 4.5.10.

iml Jm g}

T“

This corresponds to the stress within the transducer medium.
However, the stresses excited within the delay medium are directed
along the principal geometrical axes in Fig. 4.3.1., assuming that
the delay medium material to be isotropic. Relating the stress
T(L)(-h) to these axes yields, then, the stress within the delay

medium,

(m) Tlm}

MO sl ST £q. 4.5.11.

Consequently, the acoustic power densities of the waves within the

delay medium are thus given by,

PJ” c u Eq. 4.5.12.

2 zg]
The voltage across the transducer is the potential difference

between the electrodes at X = h and Xy = -h. Thus, from Eq. 4.3.2.,

the potential at each boundary may be expressed as,

()
¢(h) = e .us (h) - D :1 Eq. 4:5.13;
& &1
oi-hl = 't « by b Eq. 4.5.14.
&1 €4

The potential difference can be obtained by substituting

Eq. 4.5.8. and Eq. 4.5.9. into Eq. 4.5.13. and Eq. 4.5.14. to give,

o =o0lh) - o(-h)
‘ A2 (1) ()
=20h (1 -k 6 tan¥ )
E;1 X(l} Eq. 4.5.15.
) .
where Gm: 1 « T”{—hl E:.l



2 2
a7 E’“] : e{l} : Al)

k'~ 1is the electro-mechanical coupling
51'19 vl
factor. This parameter indicates the measure of the strength of
electro-elastic coupling in a given material. The electric flux

density is related to the electric current by,

Eq. 4.5.16.
B, = I

j © (Area of transducer)

Thus by combining Eq. 4.5.15. and Eq. 4.5.16. the electrical

impedance of the transducer is given by,

2
Ao W MO [ e l{“}.Gm.tun Xm ) Eq. 4.5.17.
j wec, 3[”
where Co = &3 . (Area of transducer)
2h

Co is the transducers' static capacitance.

In general, the transducers' electrical properties are
usually best represented in terms of its admittance, the equivalent
circuit of which is shown in Fig. 4.5.1. A method of solution for

the stress, T(l)(-h) » in Eq. 4.5.10., is given in Appendix B.

4.6, Insertion Loss

The one-way insertion loss is defined as the ratio of the maximum
power that the electrical source can deliver compared to that of the
power associated with the emergent acoustic wave. It is thus required
in practice that this loss should be a minimum over the operating
frequency range of the transducer. Onoe (1962) has considered this
loss in relation to uitrasonic delay lines.

Here, the insertion loss is considered for the theoretical

circuit as shown in Fig. 4.6.1. A current source I, with an internal
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conductance Gd feeds the signaI to the transducer Y, . Across
the transducer is placed a shunt admittance Y, to compensate for
the transducers' self capacitance. Assuming no excess losses, the
insertion loss is zero when all of the available electrical power
is absorbed by the conductance part of the transducers' admittance.
This can be achieved by matching the source and transducers' conductances
and tuning out the suseptance of the transducer by a parallel
inductor. This will be true at a single frequency only and over a
frequency range the insertion loss will vary, its variation being
dependent on the behaviour of the transducers' electrical properties.
The maximum power that the source can deliver under matched

‘conditions is thus

Frax = Lo Eq. 4.6.1.

The power associated with the acoustic wave is equal to the power
dissipated in the transducers' conductance.
2
Thiss PIG) = 1.6 Eq. 4.6.2.
{GQ*Y1 "‘Yt)z

The insertion loss IL, in decibels, is consequently given as,

It =1 |Og10{-” Eq. 4.6.3
where T s PoslG ¥ s h)
P(G) LG, G

In general more than one type of wave may be excited within
the delay medium. Hence the power delivered into the conductance
is equal to the sum of the powers of the waves generated as represented

in Eq. 4.5.12.,

P[G} = qu,” = PL + Ps1 + PSZ Eq. 4.6.4.

where PL is the power of the longitudinal wave and P51 , and P52

are the powers of the shear waves. Consequently, the power loss,PL,
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associated with each wave is,

e i £Eq. 4.6.5.
PLg, = PIG) /g,
PL52= P(G)/ P52
Hence the absolute one-way insertion loss associated with each
acoustic wave can be expressed as,

IL, = 10 logyy (PL .T)
Eq. 4.6.6.

IL52= 10 10910 [PLSZ.T}

4.7, Electrode and Bonding Layers

The analysis has considered the arrangement where the top electrode
and bonding layer thicknesses were negligible compared to the acoustic
wavelength. In practice this may not necessarily be true and the
electrodes and.bonding layer thicknesses may become comparable to
the acoustic wavelength, especially at high frequencies. It has
been shown by Sittig (1969) that the bandwidth and insertion loss
may be severely affected when the electrode and bonding layer acoustic
impedances are considerably mismatched with respect to the transducer
and delay medium impedances, and when their thicknesses are in the
order of a quarter of a wavelength.

Consistent with the analysis here, the effective acoustic
impedance 'seen' by the transducer when an intermediate layer exists
between the transducer and delay medium is given by,

A = 2l [ cos 24l j A0 sin 2!l

(l
zf]c052b'fm¢j z:j” sth':” 1 B 0

where B’tf“ = Whe/ v},”
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The subscript 'f' denotes the properties associated with the layer

and Zg is the layers' acoustic impedance. When the thickness,th._of the-
layer is negligible compared to the acoustic wavelength the effective
acoustic 1ﬁpedance. z{ , is essentially the same as that of the

delay medium. When the thickness is equal to a quarter of a wavelength
the effective impedance becomes significantly different and is

equal to, Z,d[l}(%) A z{112

(1)
%4

Eq. 4.7.2.
When the layer is such that it is equal to a half of a wavelength,
and multiples thereof, the effective impedance becomes equal to the
impedance of the delay medium ag;in. Sittig (1969) has extensively
investigated the effects of multiple intermediate layers and although
to some extent the layer thicknesses can be adjusted so as to optimise
the response (Kossoff 1966) in general the resulting response may
be considerably deformed when the acoustic mismatch is severe.
It can be shown that the effective acoustic impedance of the
top electrode is given by,
z’“) 2 z(ll tunzxm
t ¢ - Eq. 4.7.3.
where z, 1is the acoustic impedance of the top electrode material.
When the film thickness is equal to a half of a wavelength the
impedance becomes equal to zero. Reeder and Winslow (1969) have
shown that at this frequency the insertion loss is greatly reduced.
However, a severe reduction in bandwidth also occurs. Use has been’
made of multiple layers on the top electrode to obtain low insertion
loss, narrow bandwidth transducers (Haydl et al 1964).
Thus, for an efficient wideband transducer response it is most
desirable that both the top electrode and intermediate layers should

be acoustically 'thin'. This is certainly true for the top electrode

and its effect can be further minimized by using a material whose
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acoustic impedance is greatly mismatched to that of the transducer.
Where the acoustic impedances of the bonding and intermediate layers
are mismatched to the delay medium the condition that the layers
should be acoustically thin' is equally important. If these layers,’
however, have an acoustic impedance nearly equal to that of the delay

medium then this condition may be relaxed somewhat (Larson and Winslow,

1971).

4,8, Impedance Matching Networks

Impedance matching the transducer to the source by a suitable
electrical network may cause problems especially at high frequencies
when the physical shape and dimensions of the arrangement and other
constraints may be factors for consideration. The simple circuit
in Fig. 4.6.1. may be used so long as the conductance of the transducer
can be made to be reasonably closely matched to that of the source.
Although the transducer can be driven without any impedance matching
network present a considerable reduction in the efficiency will
result (this assumes that the source can be operated under such
conditions). Parallel tuning is more desirable than series tuning
because in the latter the resistance and losses associated with
the inductor reduce the overall conversion efficiency and the inclusion
of series resistance into the circuit also tends to reduce the
available bandwidth.

The conductance, and also the bandwidth, of the transducer is
dependent on its electro-mechanical coupling factor. For low coupling
factors (K’v“ 0.15) the parallel capacitance of the transducer becomes
significantly large compared to the conductance. Consequently,
operation over only a narrow bandwidth will result when used in the

circuit in Fig. 4.6.1. Methods of obtaining broadband matching have
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been extensively investigated and reviewed by Matthaei (1964). He
has also given extensive data on impedance transforming networks
by using LC ladder filters. Theoretical considerations for matching
networks have been given by Schwartz (1969). Reeder and Winslow (1969)
have reviewed methods of broadband matching especially relating to
“transducers operating in the microwave region.

When the value of the electrﬁhechanicaﬁ coupling factor is
large (Ker 0.5) the conductance becomes consequently large. If
the design criterion demands a fixed transducer area the transducers'
impedance at frequencies above 100 M Hz may only be a few ohms and
series lead inductances will become significant. The impedance may
be raised, however, by segmenting the transducer and connecting the
elements in series. The impedance will then be increased in
proportion to the square of the number of elements. Also the parallel
capacitance is reduced. A reasonably large bandwidth can then be
achieved even when the simple circuit of Fig. 4.6.1. is used or
even when the transducer is driven untuned (Sittig 1969). However,
if segmentation is not possible or desirable then the use of more
complicated networks such as the ladder filters or transformers, as

mentioned above, must be employed.

4.9, Acoustic Wave propagating in an arbitary direction

In sections 4.3. and 4.5. the analysis was related to the
cartesian co-ordinate system as shown in Fig. 4.3.1. In order to
find the behaviour of a transducer material whose geometrical axes
do not coincide ﬁith the crystallographic axes as shown, the material's
tensor pfOperties must consequently be related to the new co-ordinate

system. The translation of tensors from one co-ordinate system to
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another has been extensively dealt with, for example, by
Jeffreys (1931) and Nye (1957). The arrangement that has been
considered is essentially one-dimensional and the tensors describing
the properties of the stiffness, piezo-electric coefficient, and
permittivity can be transformed in the following way to give,

Cikt * SN

"t T NNk

8'11 = E‘-j - Mj.nj
The quantity n is a unit vector pointing in the direction of
the plate normal and defines the direction of propagation of the
acoustic wave normal. The analysis given can then be applied to a
crystalline material of any orientation with respect to its crystallo-

graphic axes.

4,10. Further Comments

The theoretical behaviour of the piezo-electric transducer
has been considered in this section and the equations describing its
behaviour Have been given. The theoretical model has been assumed
to be lossless so that the theoretical results will yield the
optimum performance. In practice, properties such as the dielectric
loss and acoustic attenuation within the transducer together with the
acoustic attenuation in the electrode material and bonding layers
and electrical losses due to the finite resistance of the thin electrode
layers all contribute to a reduction in the transducers' performénce.
The appropriate equations must be solved numerically and a
computer program to calculate the acoustic velocity, the particle
displacement angle, and the electro-mechanical coupling factor is

given in Appendix C. The results obtained for the materials used in
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this work are.given in the next section. Also, Appendix D gives a
computer program to calculate the transducers' electrical admittance,
the difference in phase between the acoustic wave and the electrical
drive voltage, and the abéo]ute one-way insertion loss. The results
obtained for the transducers used in this work, bonded onto various
delay mediums, are given in the following sections. The effects due
to the finite thickness of the electrodes and bonding layers, as
discussed in Section 4.7. have been neglected since the subject has
been adequately dealt with elsewhere. It is obvious, though, that
the theory used here can be extended to account for these effects.
The tuned insertion loss has been calculated for the circuit
as given in Fig. 4.6.1. Although in practice, as discussed in
Section 4.8., and also in the following sections, this may not
necessarily be a feasible way of matching the transducer to the
source in some cases it at least gives one some idea of the operational

bandwidth of the transducer.-
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8. Materials

5.1. Introduction

In this section suitable materials for both the acousto-optic
interaction medium and the transducer are briefly reviewed and the
properties of the crystalline materials used in this work are
considered. Because of the availability of materials to the author
during the course of this work the emphasis is placed on materials
exhibiting ordinary or normal bragg diffraction where the acoustic
wave involved in the diffracting process is a longitudinal wave.

The solid crystalline materials used were lead molybdate and Tithium
niobate. Their acoustic properties are presented and their X-ray laue
patterns are given. The directions of the axes of the Tithium niobate
crystal with respect to the X-ray apparatus are given so that 35°

rotated Y-cut longitudinal acoustic transducers may be obtained.

5.2, Interaction Medium Requirements

The materials that have been investigated whose properties are
suitable for the acousto-optic interaction medium are numerous.
Basically, all suitable materials are required to be of good optical
quality and to have low optical and acoustic attenuations. Also, for
large aperture deflectors, it is required that the materials that aée
suitable are obtainable in reasonably large sizes. It has not been
until recent years that the evaluation of suitable materials could
be reasonably accurately predicted (Pinnow 1970). Beforehand, selection
was based on availability and intuition. A review by Dixon (1967b)
gives a comprehensive list of the physical properties of some materials,

some of which are isotropic and some which are crystalline. Further
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suitable materials have been developed since then and they have been
extensively reviewed by Pinnow (1971) and by Uchida and Niizeki (1973)
in which a comprehensive summary of glasses and new crystalline
materials that have been discovered and developed are given. Also
a paper by Gottlieb et al (1974) has summarized the acousto-optic
properties of some chalcogenide crystals.

It has been shown in Eq. 3.4.3. that the material constants
can be grouped together to form a figure of merit. This is the
commonly used figure of merit which indicates the usefulness of a
given material where the scattering efficiency is of importance. Thus,

My =nPp2
p v3

A number of further figures of merit have been introduced which
may be used to classify materials when other properties such as
bandwidth, aperture, and acoustic power density are important. These
have been summarized in a review by Chang (1976). Gordon (1966)
has shown that where the bandwidth is of importance M, should be
modified to M 7

1=l’1P
p Vv

Also.'it has been shown by both Dixon (1967b) and Pinnow (1970)

2

that where the optical beam is circular in cross section the acoustic
beam height across the optical aperture is proportional to the acoustic

velocity. The figure of merit, 7 2

has been proposed. A fourth figure of merit has also been proposed
by Chang (1976) in which the acoustic power density is taken into

consideration. Thus,

76



Another factor which affects the behaviour of an acousto-optic
deflector is the thermal prOpefties of the interaction medium. Eschler
(1976) has incorporated a thermal figure with the figure of merit
so as to give an overall figure of merit for materials

M

MTot T Mtherm

where Myperm is a factor which relates the thermal conductivity,

thermal expansion and the temperature change in the materials

refractive index. This is of importance when distortion of the deflected
beam, caused by acoustic power loss at the transducer and absorbtion
within the delay medium, may become severe. Usually, the figures of
merit are all given relative to those of fused quartz which, in

general, has been used as a reference material.

Another property which must also be considered that is not
included in the figures of merit is the acoustic attenuation (Pinnow
1970). Liquids, for example, have a relatively large figure of
merit, M, . Solid materials usually have a lower figure of merit
but also have a lower acoustic attenuation. In their studies on
liquid interaction mediums Fukumoto and Watanabe (1970) have proposed
a further figure of merit to include the acoustic attenuation of the

medium. The figure of merit, M, has been modified to
* ~b .2
Ma = M2 /y o, =np/,pv“<x§

for where both efficiency and resolution are of importance. A

high figure of merit and low acoustic loss are, in general, not
compatable properties and a trade-off between the two must be made
when operation at high frequencies is required. Extensive information
relating the figure of merit and acoustic attenuation has been given

by Pinnow, and Uchida and Niizeki as already referenced.
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Where an interaction medium is required suitable for application
to a sing]é device X-Y deflector one requires the material to have
good acousto-optic figures of merit in both the orthogonal directions.
It is clear that since the interaction is essentially the product
of two single-dimensional deflections as shown in Section 3.3., the
overall figure of merit for a suitable material is given by the product
of the figures of merit in each orthogonal dimension, i.e.

Mi(X-Y} = Milxl. Mi{Y}

Also, the acoustic attenuation in each direction should be sufficiently
small at the operating frequencies used. -

It has become common practice in the literature to quote the
figures of merit of materials relative to those of fused quartz.

The values for fused quartz are given in Appendix E.

5.3. Liquids

As mentioned, liquids have a higher figure of merit (M, ) than
most solids and the properties relevant to acousto-optic deflection
of some 11qpids have been examined by Uchida (1968) and by Fukumoto
and Watanabe (1970). Longitudinal acoustic waves are the only type
of wave that can be supported in a liquid and, thus, liquids are only
suitable for normal bragg diffraction. There are some liquids that
have a very high figure of merit, M, , i.e. n-Propyl Iodide. However,
the associated large value of acoustic attenuation Timits their use
to Tow acoustic frequencies and precludes them as a practical interaction
medium. Water, however, has a lower M, than most liquids but is
preferable due to its lower value of acoustic attenuation and has been
widely used for experimental purposes (i.e. Korpel et al 1966). Water
has been used as the interaction medium during this work for use in

preliminary experiments.
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5.4, Lead Molybdate

One solid material that has been shown to have good acousto-
optic properties is &ead molybdate (PbMo0Og) and was first discovered
. by Pinnow et al (1969). The acoustic, optical, and thermal properties
have been investigated by Coquin et al (1971) . The material is a
tetragonal crystal and belongs to the crystal point group 4/m. The
growth conditions for this material have been studied by Bonner
and Zydzik (1970). It is optically uniaxial and is transparent for
optical wavelengths between 0.4um and 4um . Acousto-optic deflection
has been achieved by causing a longitudinal acoustic wave to propagate
along the crystallographic z axis and the optical beam to propagate
near the plane z = 0._ In this cbnfiguration it has been reported
(Pinnow 1969) that the figures of merit are high (relative to fused
quartz, M, = 23.7) and that the deflection efficiency is essentially
independent of the optical polarization when the optical wavelength
used is 632.8 nm. With a longitudinal acoustic wave propagating in
the X-Y plane efficient diffraction can alsc be cbtained with light
polarized in the X-Y plane although the figure of merit, M, = 16, is
somewhat less than that in the first configuration. The material is
thus useful as the interaction medium in a two-dimensional deflector.
The acoustic losses reported by Coquin et al (1971) have shown that
the material is useful for acoustic frequencies of up to 500 M Hz.
From the results given by Coquin et al (1971) the acoustic velocities
of both longitudinal and shear waves propagating in the bulk medium
of PbMoOy are given in Fig. 5.4.1., Fig. 5.4.3.; and Fig. 5.4.5. for
waves pfopagating in the planes X =0, Y = 0,and Z = 0 respectively.
In Fig. 5.4.2., Fig. 5.4.4. and Fig. 5.4.6. the variation of the
magnitude of the angle between the wave normal and the longitudinal

waves' particle displacement is given for the different planes. The
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Plate 5.4.1. X-ray lave pattern of PbMoO, along
crystallographic z axis.
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variation of the longitudinal velocity in PbMo0s for waves propagating
in the planes considered-varieé from 3.63 Km/s 1in the z direction
to 4.34 Km/s in the X-Y plane. The z axis is an acoustic axis and
the Tongitudinal wave here is a pure mode. It can be seen that in
the XY plane the particle displacement angle varies considerably
although there are directions in the positive XY quadrant at 29°
and at 74° from the x axis in which a pure mode can propagate. The
magnitude of this angle can change by up to 10° and the generation
of unwanted modes when a longitudinal transducer is attached to the
medium in these directions may become severe.

The lead molybdate boule obtained for this work was about 2.5
cm Tong and about 2.7 cm in diameter. The material is comparatively
soft in nature and is easily susceptible to chipping and cracking
which can be caused by sudden thermal changes. The crystal is grown
by pulling from a melt and the crystallographic z axis may lie at
an angle of up to 30° with respect to the longitudinal axis of the
boule (Bonner and Zydzik 1970). Observations taken from a X-ray laue
back scatter photograph showed that for the material to be used the
z axis lay about 20° off from the boules' longitudinal axis. The laue
pattern obtained along the z axis is shown in Plate 5.4.1. Determination
of the X and Y axes, however, can not be easily achieved and can
really only be found by a more detailed X-ray study. Information
about these crystallographic axes can not be readily obtained from .
the X-ray pattern and unlike lithiumniobate there are no markings or

indications on the side of the boule to assist with orientation.
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5.5. Acoustic Transducer Materials and Requirements

It has not been until recent years that transducer materials
have been discovered that are suitable for high frequency, wideband
applications. Such materials have been reviewed extensively by
Meitzler (1971). The application demands a material with properties
such as a low permittivity and a high electromechanical coupling
factor together with low acoustic and electrical losses. To date,
the most successful transducers that can be fabricated are those
which can be made from piezo-electric platelets. Typical materials
that can be used for this purpose are lithium niobate (LiNbO3),
lithium tantalate (LiTa03), and lithium iodate (LiI03) for the
generation of longitudinal and shear waves, and barium sodium niobate
(BaoNaNbs015) and Tithium gallate (LiGa0p) for the generation of
longitudinal waves. Acoustic transducers can also be fabricated using
materials such as cadmium sulphide (CdS) and zinc oxide (Zn0) which can
be deposited by evaporation techniques onto the substrate material
(Foster et al 1968). One advantage here is that the bonding
layer is eliminated between the substrate and transducer. However,
comparatjve1y thick films with low conversion losses may be difficult
to achieve and also the'e1ectr0mechanica1 coupling factor, and
consequently the associated fractional bandwidth is lower (Reeder and
Winslow 1969). Transducers fabricated from piezo-electric crystal
platelets are thus preferred for their lower conversion losses and higher
coupling factors, and they are usable over broader fractional banﬁwidths

for frequencies up to about 1 G Hz.

5.6. Lithium Niobate

The acoustic transducer material that has been used for this work
is 1ithium niobate (LiNb03). It is a trigonal crystal and belongs

to the crystal point group 3m. Conditions for growth and its crystal

88



structure have been examined by Nassau et al (1966b). Comprehensive
information concerning the properties of this material have been
given by Milek and Neuberger (1972).

The properties of 1ithium niobate relevant to its application
és an ultrasonic transducer have been extensively investigated by
Warner et al (1967) and their variation with temperature has been
studied by Smith and Welsh (1971). The material also has low dielectric
losses (Nassau et al 1966a) and acoustic losses (Spencer et al 1967).
From the results for the elastic, piezo-electric and dielectric
properties as measured by Warner et al (1967) the variation of the
acoustic velocity, the magnitude of the particle displacement angle,
and the electromechanical coupling factor in the planes x = 0, y = 0,
and z = 0 are shown in Fig. 5.6.1. to Fig. 5.6.9. respectively.
Although the most useful cuts can be obtained from orientations in
the plane x = 0 the variation of the various parameters are shown
for the planes y = 0 and z = 0 for completeness. Spencer (1967)
has shown plots of the velocity for lithium niobate but the plot for
the plane x = 0 has been given with the axes incorrectly orientated.

There are a number of useful cuts which can be obtained from
this material. Shear mode transducers can be obtained from the X-cut
or the 163° rotated Y-cut orientations. For longitudinal mode
transducers there are two suitable orientations. The Z-cut generates
a pure longitudinal wave and the 35° rotated Y-cut generates a quasi-
longitudinal wave. The 35° rotated Y-cut has been used for this work
because of its associated high electromechanical coupling factor.
and also because the acousto-optic diffraction process for normal
bragg diffraction requires the use of longitudinal waves for the
interaction mediums used. For this orientation the longitudinal acoustic
velocity is 7.4 K m/s and has an electromechanical coupling factor

of 48.7%. The relative permittivity at constant strain for a platelet
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Plate 5.6.1. X-ray laue pattern for LiFbO, along

tre crystallographic z axig.
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of this orientation is 39. These properties have been summarized
by both Uchida and Niizeki (1973) and Chang (1976). The particle
displacement angle, although significant, is not too large and is 3.8°.

Plate 5.6.1. shows the laue back scatter pattern taken along
the crystallographic z axis of the material and has been given by
Nassau et al (1966a). The crystal is grown by pulling from a melt
and this axis is usually parallel to the longitudinal axis of the
boule. This was found to be so for the material obtained for this
work. This department had had some prior experience with this
material in connection with work concerned with electro-optics.
However, some confusion existed in determining the sense of the
directions of the crystallographic axes with respect to the photograph
and the X-ray equipment. Fig. 5.6.10. is thus given to indicate
the appropriate directions of the axes. For this work it was not
important to know the true sign of each axis but merely to know the
signs of the axes in relation to each other. Also there are markings
on the side of the boule which indicate the position of the crystall-
ographic y axis.

For the purposes of the X-ray studies and the cutting the
crystals were mounted onto a balsa wood block which; in turn; was
mounted onto a Logitech goniometer. With the crystals correctly
orientated the goniometer was transfered from the X-ray equipment
to the departments' Meyer and Burger AG QS2 quartz crystal cutting
machine and the crystals were then cut to the required shape, size,
and orientation.

The values for the appropriate material co-efficients used for

calculating the various material parameters are listed in Appendix E.
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6. ' Primary Practical Considerations

6.1. Introduction

In this section some general practical considerations are
outlined which, basically, are relevant to any form of acousto-optic
device. The methods of bonding piezo-electric platelets to the
substrate medium are reviewed and the methods of reducing the thickness
of the transducer to its final dimension are discussed. The
evaporation of good adhering, conducting films are considered
together with the grinding and polishing of the appropriate components
and surfaces. Methods of removing the acoustic energy from the delay
medium are.also considered. These practical aspects are considered
in relation to the facilities and the technology that were available
in the Department for the subsequent manufacture of acousto-optic

devices.

6.2. Bonding Methods and Materials

The problem of bonding acoustic transducers onto a delay
medium is one which occurs in the manufacture of uTtrasbnic delay
lines as well as for acousto-optic purposes when piezo-electric
plateléts are used to excite the bulk acoustic wave. In both
cases the bonding layer should be acoustically thin and have negligible
effect on the transducers' performance ifthe layers' acoustic
impedance is mismatched to that of the transducer and delay medium.
Acoustically thick bonds can be used when the bonding materials’
acoustié impedance is closely matched to that of the piezo-layer
and substrate. Also the bonding layer should have a good tensile
strength and Tow acoustic loss. One of the advantages of bonded piezo

layers over that of evaporated thin film transducers is that their
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power handling capability is much greater.

6.2.1. Organic Adhesives

Until recent years the most common bonding materials were viscous
greases and 0ils, inorganic solders, cured materials, and low
melting point transparent solids. These materials have been used
without difficulty for low frequency applications (below 100 M Hz)
and for single high frequency applications. The acoustic impedance
mismatch for these materials compared to the transducer and substrate
may be as high as 12:1 and for acoustic frequencies above 100 M Hz
this means that the bonding layer must be in the order of 0.1um .
McSkimin (1957) has used a variety of oils and greases to measure
the acoustic properties of small samples of materials. Single
frequency operation was used for experiments over a wide temperature
range. He has also used a silver paste-solder bond for fundamental
frequencies up to 60 M Hz. Cured materials such as epoxy resin have
been used (Beecham 1969) for frequencies above 100 M Hz. However,
careful control from contamination must be observed and 'flat' surfaces
must be achieved in order to obtain ultrathin bonds. Chang (1976)
has reported using epoxy resin as the bonding medium for use at
frequencies up to 160 M Hz without too much difficulty. Low melting
point transparent solids have been widely used for bonding purposes.
Salol (Phenyl Salicylate) which has a melting point of 43% has
been widely used for acoustic bonding purposes for frequencies of
up to 350 M Hz (Maydan 1970). Phenol (Phenyl Benzoate) is another
Tow melting point solid (melting point ?1°c) and has acoustic properties
similar to Salol. Stilbene (2-diphenyl ethylene), with a melting point
of 124%, is also another suitable bonding material (Obukhovskii et

al 1969).
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6.2.2. Cold VWeld Bonding

Sittig and Cook (1968) have shown that a transducer can be
bonded onto the substrate using a cold weld method. They evaporated
10 nm of chromium and then 200 nm of gold onto both the transducer
and delay medium ; 200 nm of indium was then deposited onto each
of these films and the plated faces were pressed together at room
temperature while still under vacuum with a pressure of 'several
thousand' p.s.i. Retention of vacuum prevents exposure of the films
to the air which would otherwise cause the film surfaces to oxidise
and prevent bonding. Warner and Meitzler (1968) have examined the
experimental behaviour of transducers operating in the fundamental
mode at around 300 M Hz using this type of bond and have reported
that the performance using this technique was superior to other
forms of bonding. Sittig (1969) has compared the performance of
bonds made from epoxy resin to those made using the indium cold
weld method. ITlustrations of the vacuum arrangement are given as
well as for the jigs used for reducing and polishing the transducers
to their final thickness. An experimental aluminium-indium bond is
reported bétween lithium niobate and sapphire operating at around
800 M Hz. The applied pressure was between 2000 - 4000 p.s.i. An
insertion loss of 10 dB, which was mainly due to diffraction, was
achieved. Metals other than indium may also be used such as lead,
tin,or germanium - gold alloy (Reeder and Winslow 1969). However,
depending on the layers' thickness, their bulk acoustic attenuation
may become significant at frequencies above 0.3 G Hz. A review 6f
bonding methods using the indium cold weld technique as well as the

Tow melting point transparent solids has been given by Meitzler (1971). .
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The cold weld method has been used to produce bonds which do
not use indium. Knox (1973) has used gold as the bonding material.
By evaporating 20 nmlof chromium, 200 nm of aluminium, and then 50 -
100 nm of gold, lithium niobate was bonded onto paratellurite under
a pressure of 1200 p.s.i. for a period of about 1 hour. Huang et al
(1974) have used an all gold bond to produce a transducer operating
at frequencies in the range 1 - 10 G Hz. They have been able to reduce
the final thickness of the transducer to 0.25 um by using the ion
milling technique. Chang (1976) has reported to have been able to
achieve bonds by using aluminium as the bonding material using the
cold weld method. Aluminium is a better acoustic match than gold
compared to commonly used substrate and transducer materials and is
therefore more preferable. |

The optical contact bonding method, which is generally applied
for bonding glass samples, has been modified for transducer bonding
purposes (Eschler 1976). Electrode layers of gold of not more than
20 nm thick were evaporated onto the very flat and smeothly polished
surfaces that were to be bonded. The deposited surfaces were mated
under a pressure of 1400 - 3400 p.s.i. and the gold films fused
together. The voltage was applied to the thin base electrode by
further evaporating a supply electrode 0.5 um thick around the
transducer. The base electrode thickness is limited by the permissible’
ohmic losses and the bonding method is therefore suitable for Tow

power applications only.

6.2.3. Ultrasonic Bonding

Another method of bonding has been that of welding the two

metallized surfaces together ultrasonically. Larson and Winslow (1971)
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have bon&ed transducers using indium, silver, and gofd as the bonding
materials. By using a static pressure of 2000 - 4000 p.s.i. the
piezo layer and substrate were heated to above 100°C in air and a
Tongitudinal ultrasonic wave of 0.4 watts at 18 K Hz frequency was
applied for periods between } hour to 2 hours, depending on the
materials used. The final reducing of the transducer was achieved

by r.f. sputter machining which produced thicknesses down to about
3um . A two-way insertion loss of only € dB was achieved for barium
sodium niobate bonded to sapphire with silver at frequencies around
500 M Hz. Uchida et al (1973) have managed to obtain acoustic wave
generation at a centre frequency of 1 G Hz using 1ithium niobate
platelets bonded to quartz using the ultrasonic bonding method and
reducing the transducer to a final thickness of 2.5 - 3um by means
of r.f. sputter machining. A 1.5 dB fractional bandwidth of 0.13 and
an insertion loss of 5 dB was achieved. The substrate and transducer
were raised to 300% during the bonding period and the bond material
was gold. The bonding of materials at elevated temperatures, however,
means that the thermal coefficient of expansion of both materials
must be reasonably matched otherwise damage due to thermal stresses
may occur.

For the majority of the time in which this work was undertaken
the Departments' evaporation plant was out of commission. When re-
installed it suffered from the not unexpected teething troubles.
Usage, and the running, of the equipment was therefore Timited and
experimentation and the development of the cold weld method or
that of ultrasonic bonding could not be undertaken. This couseof
action, due to the associated probiens, was considered unrealistic

here although the cold weld method, to date, is probably the best
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method of bonding. The methods of bonding open to the author were

thus limited to using epoxy resin or the low melting point solids.

6.3. Film Adhesion

Besides requiring the bond to have a good tensile strength
it is also necessary for the deposited metal films to have good
adhesion to the surfaces to be bonﬁed. To bbtain good adhesion if
is usually necessary to first deposit a thin layer of a good adhering
metal, about 10 - 50 nm thick. Chromium or titanium are, in general,
suitable candidates (Larson and Winslow 1971). The choice is, to
some extent, dependent on the substrates and electrode and bonding
materials to be used. Chromium is the most often used since it is
generally easier to evaporate under vacuum than titanium. However,
where silver films are to be used titanium may be a better choice
(Sittig 1969). Uchida et al (1973) have used a nickel-chromium alloy
for this purpose to ensure adhesion of gold films on lithium niobate
and quartz. Alphonse (1975) has suggested that the substitution of
molybdenum for chromium may provide better adhesion for films on lead
molybdate although chromium has been used elsewhere (Pinnow et al
1969 , Heynau and Bernard 1971).

The adhesion of the top electrode, usually aluminium for a good
conducting and good acoustically mismatched film, is sufficient without
the need for any prior film since the surface is usually mechanically
free.

Throughout this work, where needed, chromium has been used to
ensure the adhesion of subsequent films onto the substrates since
this could be evaporated without too much difficulty by the evaporation

equipments used.
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6.4. Transducer Thickness Reduction

As mentioned in section 6.2. final reduction of the thickness
of transducers requi;ed to operate at frequencies above 300 M Hz
may be achieved by processes such as r.f. sputter machining or ion
milling. For a 35% rotated Y-cut lithium niobate transducer this
means that its thickness at 300 M Hz is about 10 um . To reduce the
transducer to this thickness or for transducer operation below this
frequency mechanical lapping methods are employed. The mechanical
process entails placing the workpiece in ah appropriate jig and then
grinding and polishing the whole assembly on a suitable lapping surface
until the transducer has been reduced to its required thickness.
Precision jigs suitable for this purpose have been discussed and
illustrated by Bennetf and Wilson (1966), Sittig (1969) and Larson
and Winslow (1971). The reduction process starts with an initial
transducer thickness anywhere between 1.3 mm (Uchida et al 1973)
and 100 um ( Larson and Winslow 1971). The layer is then reduced
by lapping either by hand or by machine with the aid of a suitable
slurry. An abrasive and a liquid are mixed to form a slurry and
the lapping surface is in the form of a flat glass plate or a soft
metal surface. The abrasive usually consists of a diamond compound,
alumina, or silicon carbide powder. In this manner platelets can be
brought down to a thickness in the range of 6 - 10 um . A final
thickness of 2 um has been achieved using mechanical methods by
Wilson (1967).

For this work the reducing process was done with the aid of an
existiné jig originally designed for polishing purposes. The maximum
acoustic centre frequency used in this work was 135 M Hz and consequently

the minimum transducer thickness was about 21 um . The reduction
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was therefore done entirely mechanically. The thickness of the
1ithium niobate slices that could be obtained by sawing from the bouie
was about 1.5 mm. Thinner slices were liable to crack before the.sawing
was comp]eted. For the first devices, brior to bonding, the thick-
ness of the platelets were ground down by hand on silicon carbide
“paper to between 0.7 - 1 mm. For the final devices, however, the
material was ground down by hand to a thickness around 300 um . This
was done partly to reduce the amount of material to be removed while
the workpiece was attached to the jig and partly because the

thinness of the platelet allowed it to be somewhat more flexible and
thus take up some of the curvature between the surfaces to be bonded.
Platelets thinner than this, however, were too difficult to handle.
After bonding the workpiece was attached to the jig and the transducers
were lapped down by hand on a flat glass plate to about 100 um using
a slurry of Emery 303 abrasive mixed with water, to 50 um with

Emery 304 abrasive, and down to 21 um with carborundum powder grade
12000C6 for the higher frequency devices. This was about the minimum
thickness that could be obtained using this apparatus, below this

the edges of the transducer begén to chip and break. Grinding was
stopped when the transducer had reached the appropriate thickness

and, for the lower frequency devices, the surfaces were finished by
briefly grinding with the next finer powder.

Polishing the final surfaces was not attempted. Problems were’
encountered with the Departments' polishing machine due to vibration
and contamination of the polishing laps and it was feared that the
layers would be severely damaged if this machine was used. Polishing
by hand on a 'Pellon' pad would have caused an unacceptable rounding

of the surfaces. The surfaces were thus left with a mat finish
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Plate 6.4.1. The grinding jig and adaptor used in fabricating
the transducers for the acoustc-optic devices,
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the granulation of which was a micron or less being negligible compared

to the acoustic wave-length, For the lead molybdate devices the clearance
of the existing jig was insufficient and an adaptor to obtain this

was therefore made. The jig and adaptor are shown in Fig. 6.4.1,

The workpiece was placed on an aluminium plate which was screwed

to the central column of the jig. The methods of alignment and

the measurement of the transducers' thickness are discussed in the

sections concerning the devices.

6.5. Polishing Lead Molybdate

Of the materials used in this work the lead molybdate samples
were the only ones which required surfaces to be of a good optical
finish. Since the crystallographic x and y axes were not easy to
ascertain the material was cut so that the sides perpendicular fo
the plane z = 0 were arbitarily orientated. Due to the shape of
the boule it was also necessary to maximize the size of the samples
to be cut. Two rectangular solids were obtained from the boule each
1.8 cm x 1.0 cm x 0.9 cm and the smaller end faces were polished.

The samples were blocked up with soft flint glass (J. M. Ley, Private
communication) fixed together with epoxy resin and the lead molybdate
samples were placed in the middle and fixed with paraffin wax
(melting point 49°C).

The assembly was then ground down by hand on a flat glass
plate using a slurry of Emery 304 abrasive until a good mat finish was
obtained. The surface was then polished on a 'Pellon' pad using
a slurry of Linde 0.3 alumina abrasive. A flatness to within about
a micron could be achieved. During the polishing process it was

noticed that small chippings from around the edges of the lead
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molybdate were causing scratches to be formed on the polished
surfaces. Subsequently,edges of the surfaces were bevelled to try
and prevent this. No special precautions were taken to ensure
that opposite faces were bara11el. This was difficult to achieve'by
hand polishing and the samples' surfaces were not at all parallel.
This was convenient here to some extenf since due to the high
refractive index considerable reflections occurred at each polished
surface and the multi-reflected 1ight was therefore reflected outside
the deflection area although some slight distortion of the optical
beam may occur due to refracton. Ideally, the surfaces should be
optically flat and parallel and the reflection losses reduced by the
use of thorium flouride (Thfy) apti-ref1ection coatings (Pinnow et
al 1969). Although the samples here were polished on a 'Pellon' pad
the polished surfaces contained sleeks (J. M. Ley et al 1971), 1in
retrospect, it would have been better to finally polish the specimens
on a pitch lap to eliminate these. However, such a suitable lap
was not available at the time.

The other four sides to which the transducers and absorbers
were to be attached were ground down with carborundum 12000 C6 abrasive

ona flat glass plate and left with a mat finish.

6.6. Acoustic Absorbers and Heat Sinks

Broadband acousto-optic deflectors require the use of travelling
acoustic waves. Once the sound has propagated through the interaction
volume the acoustic emergy must be removed from the deflecting medium.
Heat produced by the absorption of the acoustic energy within the medium
and by acoustic and electrical losses associated with the transducer,

electrodes, and bonding layer must also be removed. The sound
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energy can be dispersed or absorbed by intercepting the acoustic
column with a suitable absorbing medium. The interaction medium is
suitably bounded to remove, or at least reduce, the effects due to
thermal changes.

In the case of deflectors which use a Tiquid for the interaction
medium a large proportion of the acoustic energy is dissipated within
the material as the sound propagates across the optical aperture
due to the materials' high acoustic attenuation. The remaining acoustic
energy is then dispersed by placing a suitable material in the path
of the sound column and deflecting the sound in a direction well
outside the bragg angle, thus rendering it harmless with respect to
the interaction process. The sound will therefore be essentially
absorbed within the liquid. Where the power density of the sound is high the
acoustic losses may cause a differential temperature gradient within
the 1iquid and optical spot distortion and displacement of position
of the deflected beam will result due to turbulence and non-uniform
refractive index variations.

In the case where the interaction medium is a selid it is required
that the acoustic wave should propagate through the face opposite that
to which the transducer is bonded into a suitable material which acts
as the absorber and heat sink. The ratio of the transmitted power
to that of the incident power which propagates across the boundary

is given by the expression,

P, (transmitted) . 4 2y Z
Ry lincident) [ zqen250

Eq. 6.6.1.

where zy and z, are the acoustic impedances of the interaction medium

and absorbing medium respectively. For the transmission of maximum
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acoustic power the acoustic impedance of the absorbing material must
be closely matched to that of the interaction medium. The absorber
has to be bonded onto the medium and the arguments relating to the.
bonding of the transducer are equally aﬁplicab]e here. However, the
arrangement can be made so that the requirements are less stringent.
The two materials can be bonded together with epoxy (Pinnow et al
1969) and the acoustic properties of the bond can be improved by
loading the resin with lead, antimony, or silver (Uchida and Niizeki
1973). However, due to the acoustic mismatch of the epoxy some

of the energy will inevitably be reflected. The reflected wave can
be rendered harmless in a similar way to that in the liquid devices
by tilting the boundary at a suitable angle with respect to the
transducers' surface. This angle should be at least 5 or 6 times
the bragg angle. It is also important that the thermal expansion

of the heat sink and interaction medium should be closely matched.
The epoxy bond is usually cured at an elevated temperature and the
inclusion of thermal stresses in the bond after cooling may otherwise
cause damage to the deflecting medium (Coquin et al 1971).

Where excessive heat dissipétion occurs within the interaction
medium the induced deformations, similar to the case in the liquid
deflectors, will cause deformation of the acoustic grating and de-
focusing of the optical beam. Coquin et al have measured significant
thermal constants of lead molybdate and have estimated the order of .
magnitude of the resulting effects. Uchida and Niizeki (1973) have
examined the temperature distribution in paratellurite deflectors
with respect to time and deflection efficiency. Eschler (1976)
has examined the thermal behaviour of one-dimensional acousto-optic
deflectors for different heat sinking configurations. With slit

aperture deflectors additional heat sinks placed on the sides of
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the interaction medium were advantageous. Conversely, for symmetrical
aperture devices the omission of these heat sinks is desirable.
The use of an intermediate material between the transducer and
deflecting medium to act as a heat sink and so reduce the effects
caused'by losses at the transducer was also found to be advantageous.
The method of dispersing the acoustic wave in the water device
built during this work was as already described. The absorbers and
heat sinks for the lead molybdate devices were aluminium terminations
bonded to the sides oppesite the transducers (see Section 7.2. and
Section 8.5.1.).
The thermal behaviour and methods of heat sinking for solid
two-dimensional deflection devices has not been considered in
detail here and was an area considered to be beyond the bounds of
this present work. The extent to which heat sinking was provided
for the experimental devices was subject to the devices' physical

state and performance subsequent to the fabrication of their transducers.

114



i Experimental Water Cell

7.1. Introduction

.The fabrication and performance of a two-dimensional acousto-
optic deflector using water as the interaction medium is described
in this section. The construction of a device capable of having a
capacity in the order of 50 x 50 spots was attempted. The use of a
liquid confined the acoustic frequencies to not greater than 50 M Hz
due to acoustic attenuation considerations and water was used for
this initial device in the hope that the practical aspects, in
respect to the fabrication of the transducers, were not too demanding.
Taking into consideration the material parameters and the possible
transducer bandwidth the resolution may be achieved with an optical
aperture of 5 mm and an acoustic bandwidth of at least 15 M Hz
with centre frequencies between 22 - 50 M Hz in each dimension.
The initial centre frequencies for the horizontal and vertically
deflecting transducers were chosen to be 30 M Hz and 45 M Hz respectively
although, as will be mentioned, lower frequencies had to suffice.
A stepped array for the vertically deflecting transducer was also
attempted. The construction of the cell is therefore discussed
along with the fabrication of the two transducers and the practical
difficulties encountered are outlined. The optical and electrical
arrangements are also considered. The performance of the device which
could be achieved in practice and its theoretical and potential

performance are also compared.

7.2, Cell Construction

The construction of the water cell X - Y deflector is shown in

Fig. 7.2.1. The base 1 and back 2 were made of aluminium and the
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optical windoﬁs 3 were made from glass. The dispersion of the acoustic ‘
energy was achieved using perspex wedges 4. The transducers 5 were
mounted onto an intermediate medium 6 of glass to broaden the band-
width of the transducer résponse (Korpel et al 1966, Reeder and

Winslow 1969). The LiNbO3 transducer in direct contact with the

liquid would have resulted in a very narrow bandwidth due to the

high acoustic impedance mismatch (Drozhzhin et al 1975). The intermediate
medium was wedged in both its length and breadth, by an angle of

about 1.2° and 4.6° respectively, so as to destroy the Q of the

plate and also to direct unwanted acoustic energy, caused by reflection
within the intermediate layer, beyond the bragg angle. An inlet

and outlet hole 7 were provided_in the base and top of the cell to

allow the insertion of the 1iquid. Electrical contact to the trans-
ducers was made by a connecting wire between the top electrode 8

and a 1" square terminal 9 made from copper clad board. The wires

were soldered to the terminals and attached to the transducer electrode
with silver paste. The whole arrangement was glued together using

epoxy resin,

The transducers were divided into two elements to increase the
electrical impedance and the directions of polarisation 10 of the
plates were inverted with respect to one another so that the resulting
acoustic waves generated in the glass medium were in phase. The
transducer producing the horizontal deflection was thus a planar array
with each element driven in phase and its behaviour corresponds to
a single transducer. The transducer associated with the vertical
deflectjon was arranged in a similar way except that a step was formed
in the underside of the glass intermediate layer 11 thus making this
transducer become a stepped array as discussed in section 3.8.4.

The device was fixed with epoxy resin onto an aluminium chassis

17



Plate 7.2.1. The experimental water cell two-dimensional deflector.
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and, together with the tuning g]ements 12, connected to two B.N.C.

sockets, The complete device is shown in Plate 7.2.1.

7.3. Transducer Fabrication

The intermediate glass layer was wedged by grinding the material
down at the appropriate angles on silicon carbide paper and on a
flat glass plate. The surface was then polished using the Departments’
existing polishing machine. The surface curvature, however, was
significant and the flatness was only to within 2 - 3 um . One side
of the LiNbO3 2 cm x 0.8 cm platelets were also polished to a flatness
of about 1.5 um for later alignment. An aluminium ground electrode
about 0.5 um thick was then evaporated onto the appropriate area
of the glass medium. The polished LiNb0; surfaces were then bonded
onto the intermediate layers using epoxy resin (Araldite adhesive
AY103, hardner HY 956). The adhesive and hardner were mixed together
in the ratio of 5 - 1 by weight or 4 - 1 by volume on a clean glass
slide using a clean wire spatula. A drop of the mixture was applied
between the surfaces and they were pressed together to allow the epoxy
to spread between them. The arrangment was heated to about 60 - 70%
to reduce the viscosity of the epoxy and the surfaces were then pressed
together using a hydraulic jig with a pressure equivalent to 1000
p.s.i. (Sittig 1969). _

For the side transducer, the glass and LiNb03 platelet were
placed under the hydraulic jig and heated using a hot air blower.

Pressure was then applied with the heating process still maintained.
The epoxy was allowed to cure while the pressure was still applied
for about 1 hour. The arrangement was then fixed to the jig, aligned
(discussed later), and the reducing process followed as discussed in

section 6.4. A 2 cm length, 33 M Hz centre frequency transducer,
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corresponding to a plate thickness of 100 um was attempted. The
thickness of the plate was monitored by observing the transducers’
edges using a travelling microscope. When the transducer had reached
a thickness of about 150 um cracks appeared in its surface and these
spread as the reduction continued. The reduction process was
consequently stopped when the plate had reached a thickness of 137.5um
* 3um due to the excessive cracking. The cause of this was attributed
to mechanical stresses produced in the bond by the presence of the
static pressure during the curing period of the epoxy resin.

For fabrication of the top transducer the hot-air blower was
not available. The arrangement was thus heated in an oven to the
required temperature to reduce the viscosity of the epoxy. The glass
medium and transducer were then transferred to the hydraulic jig and
the pressure was applied for one minute. The pressure was then released
and the bonded materials were returned to the oven to allow the epoxy
to cure.. However, the heating rate of the oven was slow and the
epoxys' vfscosity was not reduced sufficiently to provide a very thin
bond. Although reduction of the transducer to about 70 um , corresponding
to a centre frequency of 45 M Hz, was attempted the final average
thickness of the platelet was about 85 um as determined from the
impedance measurements. This was a result of the transducer surfaces
being non-parallel. However, no apparent damage had occurred to the
platelets.

Normally, for the purposes of polishing and grinding, the
materials were fixed with paraffin wax to an aluminium base which
was subsequently screwed to the central column of the grinding jig
(section 6.4.). Since the melting point of the wax (49°c) was less
than the epoxy's curing temperature the glass-transducer had to be
reattached and aligned with respect to the jig before the reduction

process. The arrangement was mounted onto the jig as before and the
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top surface of the transducer was aligned by eye to the rim of the
Jig. The transducers' top surface was then briefly polished so .
that reflection of 1ight from both the top and bottom surfaces could
be achieved. Using a laser and by obsefving the reflected light from
the two surfaces the transducer could be aligned by performing the
‘necessary adjustments to the jig. The jigs' adjustment screws, however,
provided an insufficiently fine control and a parallelism of not
better than about 1 mR could be achieved. Consequently, the
transducers surfaces varied in height over their area by about ¥ 10um
and this method of transducer manufacture using this jig would thus

be unsuitable for devices operating at higher frequencies.’

Prior to fabrication of the top transducer a step was produced
in the underside of the glass medium. From section 3.8.3. and
Eq. 3.8.4.6., for an acoustic centre frequency of 45 M Hz and an
optical wavelength of 633 nm, with upper and lower bragg frequencies
of 51.5 M Hz and 38.5 M Hz respectively for a 1.5 dB reduction in
intensity (K'= 0.3), a step height of 89um was required. By fixing
a metal guide in the appropriate position to the glass with epoxy
resin the step was produced by jrinding the glass medium on the edge
of a glass plate with Emery 304 abrasive. No precautions were taken
to ensure parallelism with the adjacent surface area. The metal guide
was subsequently removed using Dichloromethane to dissolve the
epoxy resin. The actual step height, over the appropriate area,
was 90 T 10 um measured using a micrometer.

Prior to bonding and evaporating the surfaces in question
required cleaning. The materials were placed in a solution of 'Decon
Concentrate' for 24 hours and then thoroughly washed with deionised
water for 3 hour. The samples were then placed in a desicator containing

silica gel and warmed in an oven to dry. Although a more rigorous
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method of cleaning may be desirable this method was considered
sufficient here.

Finally, aluminium electrodes were vacuum depoéited onto
the top area of the top tfansducer of 5 mm width and 2 cm length.
Due to the poor condition of the side transducer the top electrode
was produced using the silver paste. Evaporation of a top electrode
here was not attempted for fear of the top and ground electrodes

shorting.

7.4. Optical and Electrical Arrangement

The optical and electrical setup is shown in Fig. 7.4.1.

The laser light source (A = 633 nm) is followed by a beam expanding
lens arrangement. The acousto-optic deflector is then included in
the optical beam path. The deflector is followed by a telescope
arrangement to produce the optical far-field pattern and to magnify
the angle of deflection. The resulting image is formed at the
detector (Photo-diode or screen).

The two r.f. signal generators are connected to two broadband
r.f. power amplifiers (see Appendix F) via the variable attenuators.
The r.f. power meter serves to monitor the power delivered to the
deflector by each amplifier. The outputs of the amplifiers are then
taken to the inputs of the device. :

To obtain deflection the r.f. power was applied to the device -
and vertical and horizontal adjustment, both in position and
inclination,was then performed so that the optical beam was positioned
within the interaction volume and so that the beam satisfied the bragg

angle with respect to each sound column.
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7.5. Performance

7.5.1. Electrical Response

The theoretical performance of lithium niobate bonded to sheet
glass is shown in Fig. 7.5.1.1. The variation of the normalised
conductance and capacitance with the frequency-thickness product is
shown together with the tuned one-way insertion loss for a transducer
matched to the source at the centre frequency. The maximum - 4 dB
fractional bandwidth is 0.69 thus requiring a centre frequency
greater than 22. M Hz for a bandwidth of 15 M Hz. The choice of the
centre frequencies and aperture of the device, as mentioned in the
introduction, were thus determined by this requirement.

The measured electrical parameters of each transducer are shown
in Fig. 7.5.1.2. and Fig. 7.5.1.3. The conductance and capacitance
for each transducer, measured at the copper clad board terminals, vary
in a similar fashion to that in Fig. 7.5.1.1. However, the presence
of the bond in series with the transducer has reduced the net
capacitance and narrowed the peak in the variation of the conductance.
The loading of the side transducer by the silver paste top electrode
has contributed in broadening its respohse (Alphonse 1976). The
very narrow response of the top transducer is attributed to the
suspected 'thick' bond produced and together with the higher frequency
operation the attenuation of the bonding material has become signif%cant.

For the measurement of the transducers' electrical properties a
Hewlett-Packard 4815A vector impedance meter was used. The values
of the capacitances and conductances illustrated were calculated from
the measured phase and magnitude of the impedances. This equipment
was used for all subsequent electrical measurements for frequencies

up to 108 M Hz.
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71.5.2. Efficiencx'

The tuning elements in Fig. 7.2.1. were adjusted experimentally
so that at 30.5 M Hz, for the side transducer, and 38 M Hz, for the
top transducer, the input impedance to each port was 50 n. . With
the device driven at these frequencies the relative intensity of
the zero and first order beams versus applied power in each co-ordinate,
with diffraction in the orthogonal dimension equal to zero, is shown
in Fig. 7.5.2.1. A 1 mm diameter optical beam was used positioned
close to the glass-water boundary. Due to the curvature of the bonded
surfaces of the glass and transducer and the subsequent variation
in bond thickness, together with the physical condition of the
transducers, the efficiency varied across the transducers' width.
Fig. 7.5.2.1. shows the deflection efficiency for the optical beam
placed in the optimum position. The side transducer was tuned to a
higherfrequency than the centre frequency to allow deflection to occur
even further into the bragg regime.

For the case where the bond is perfect the power required to
deflect 50% of the incident 1ight into each first order, including
a 4,75 dB loss at the glass-water interface and an estimated loss of
0.4 dB due to attenuation in the glass and water, is 212 mW and 266 mW
for the side and top transducers respectively. An applied power
of 2.06 W and 0.95 W , corresponding to transducer losses of 9.9 dB.
and 5.5 dB, was required by the side and top transducer respectively
to achieve this percentage deflection. The excessive losses related
to the side transducer are a result of acoustic energy lost from
the back of the piezo-electric platelets into the silver past
electrode and also to dispersion of the wave due to the cracked surfaces,
together with the acoustic attenuation of the bond material. The losses
associated with the top transducer are mainly due to the attenuation

of the epoxy resin bond.
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For deflection in both co-ordinates the optical beam was re-
positioned and the cell adjusted to optimise deflection of light into
the composite order. To achieve 50% deflection of light into the
vertical co-ordinate an increase of applied power by 1 dB to 1.2 W
was required to compensate for the acoustic attenuation of the water.
The variation of the orders, 100. 101(vertic31), I}O(horizontal),
and I]], are shown in Fig. 7.5.2.2. in relation to the power applied
to the side transducer. To deflect 25% of the incident light into
each order an increase in power of 1 dB to 2.6 W to the side transducer
was also required due to iosses in the water. The application of a
total power of up to 3.8 W to the device began to cause turbulence
and, together with increased deflection into higher orders, accounts
for the slight difference in variation between I, and Iyq. The
heat and turbulence caused by the losses prohibited increased 1ight

deflection above this level into the composite order.

7.5.3. Bandwidth

The variafion of intensity with frequency for each first order
beam is shown in Fig. 7.5.3.1. and Fig. 7.5.3.2.. Also shown
are the theoretical bandwidths for each transducer arrangement for
comparison. The cell was adjusted so that the horizontal deflection
bragg angle was satisfied at 29.5 M Hz. Although Tower than the
frequency to which the transducer was tuned and higher than the layers'
centre frequency this adjustment provided the most satisfactory
bandwidth. Modulation of the response has occurred due to interference
between multi-directed acoustic waves caused by the piezo layers'
non-paraj1e1ism (Cohen and Gordon 1966) and also as a result of the
cracked surfaces. The non-parallel surfaces have produced, across

the optical aperture, a frequency dependent phased array causing
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constructive and destructive interference of the acoustic energy
lobe. The high frequency respﬁnse reduces sharply as a consequence
of the tuning arrangement used (Matthaei 1964). The upper and
lower -4 dB frequencies were 33 M Hz and 21.5.M Hz respectively
resulting in a bandwidth of 11.5 M Hz.

The interference associated with the side_transducer is evident
in the response concerning deflection in the vertical co-ordinate.
The cell was adjusted so that the bragg angle was satisfied at 38.5 M Hz
as this was the lower bragg freguency for the designed transducer
geometry. The resulting bandwidth has beén severely narrowed by the
inclusion of the 'thick' bond and it can be seen to vary in relation
to the electrical response (Fig. 7.5.1.3.). The optical bandwidth
does, to some extent, begin to follow the theoretical response at
the Tower frequencies and suggests that the high frequency response
has been altered by virtue of the frequency dependence of the bonds'
attenuation (Pinnow 1970) and possible electrical losses. The bandwidth
achieved was 7.2 M Hz with upper and lower -4 dB frequencies of 41.2
M Hz and 34 M Hz respectively.

It is pointed out that the intensity variation of the composite
order will vary by an amount of up to -8 dB when the vertical and

horizontal transducers are driven between the frequency limits mentioned.

7.5.4, Display

The resulting display produced by the device is shown in
Plate 7.5.4.1. for an incident optical beam diameter of 1 mm. The
transducers were driven at their tuned frequencies with a power of
about 1 watt. The deflection of light into the composite order only

for operation of the device well within the bragg regime can clearly
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be seen. Although a significant deflection of Tight appears to have
occurred into the 2nd and -1st order in the vertical co-ordiante
this is misleading and is due to the y function of the photographic
film. However, it can be.seen that deflection into higher composite
orders will occur if the interaction approaches the Raman-Nath
regime. The vertical deflection -1st order is also accompanied by
some light scattered by the multi-directed waves produced by the top
transducer.

With the optical beam width increased to approximately 3 mm
the display shown in Plate 7.5.4.2. was achieved. Two stepped
frequency generétors (see Appendix G) . which were originally designed
for use at high frequencies (f > 100 M Hz) were briefly modified to
operate within the range of frequencies required for this device.
Without serious modification to the generators a display of 16 x 8
spots was produced to demonstrate the X-Y control of the composite
order. To the right of the display deflection due to the multi-
directed acoustic wavefront is in evidence here also. The operating
frequency ranges in the horizontal and vertical directions were
approximately 4.5 M Hz and 9 M Hz respectively and the spot period
was about 17us / spot. Although the frequency range used in the Y
direction was greater than the -4 dB bandwidth the generator output
was not linear over the range and has compensated for the otherwise
limited response. The distinct drop in intensity of the upper half:
of the display is due to the generator output.

Suitable sweep generators were not available at the time to
demonstrate the entire capacity of the device although a total of
38 x 24 spot resolution could have been expected using a full 5 mm

optical aperture.
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8. Methods and Experiments Pertaining to the Realisation of

a Two-Dimensional Acousto-optic Deflector using Lead Molybdate

and the Consequent Performance of Such a Device

8.1. Introduction

In section 7 the performance of the water cell device was
dependent upon the quality of the bonding process and the subsequent
fabrication of the transducers. Where the interaction medium is a
solid material the higher frequency operation demands that the quality
of these processes is even greater. It was therefore necessary
to develop, as far as possible, procedures for obtaining satisfactory
bonding and transducer fabrication. Before discussing the two lead
molybdate devices that were constructed the attempts at trying to
achieve success regarding this aspect are first considered. The
authors' attempts at trying to produce a metallic bond, albeit un-
successful, are described. The performance of a transducer bonded
with epoxy and with phenyl salicylate are also discussed and compared.

O0f the lead molybdate devices constructed one used epoxy resin as
the bonding material and the other used phenyl salicylate. The

construction and performance of each device is described. Using this

material a capacity of up to 200 x 200 spot resolution can be anticipated

for the size of material available and for a transducer centre frequency
of less than 200 M Hz. The device using epoxy as the bonding material
is herein after referred to as Deflector 1 and the other device as

Deflector 2.

8.2, Attempted Metallic Bonding

An attempt was made at trying to achieve a bond using a low

melting-point metal as the bonding medium. The materials to be bonded
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were a 35° rotated Y-cut LiNb0O3 transducer aﬁd a delay medium of
X-cut LiNbOs. Subsequent to the evaporation of approximately 20 nm
of chromium a 0.5um film of gold was evaporated onto the surfaces
to be bonded. The evaporation equipment was then brought to
atmospheric pressure and solder (plumbers) was then placed in the
vacuum chamber. Being a tin alloy and having a farily low melting
point, as well as being a soft material, this was considered to be
a reasonable substitute for indium. The use of tin in place of indium
has been suggested by Reeder and Winslow (1969). With the chamber
pressure reduced to 10"6 torr a 0.6 um film of solder was then
deposited onto the surfaces. With the vacuum chamber brought to
atmospheric pressure the samples were then removed from the chamber
and the two surfaces brought into contact with each other.

With the two materials placed in the hydraulic rig, and with a
polished aluminium plate placed on top of the transducer, a pressure
equivalent to 2000 p.s.i. was applied. Connected between the
aluminium plate and the evaporated electrode was the output of a r.f.
amplifier driven, untuned, at a frequeﬁcy corresponding to the centre
frequency of the LiNb03 platelet thus using the platelet to simulate
the ultrasonic bonding method. The voltage across the transducer was
about 5 Volts r.m.s. The arrangment was also warmed using a hot-air
blower to about 40 - 50% and was left for a period of about one
hour. ‘

Adhesion between the two surfaces appearéd to have been achieved.
The transducer was further secured by applying a small amount of
epoxy around its edges. The arrangement was then attached to the
grinding jig and the grinding process proceeded with. However, by
the time the transducer thickness had re&uced to 150 ym slurry could

‘be seen to flow under the transducer and the grinding process was
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stopped. Upon dissection it was found that a1£hough the twe solder
films had adhered the chromium film which was originally fixed to
the transducer had become completely detached.

On a subsequent attempt about 0.85 um of solder was vacuum
deposited onto the surfaces and they were left under pfessure for a
period of two hours. During the process the transducer had cracked,
however, and upon examination of the bond the chromium film originally
fixed to the X-cut LiNb0, delay medium had become detached. The two
solder films, however, appeared to have bonded together.

Due to the problems associated with the vacuum plant and the
~physical environment this line of approach was discontinued. However,
the fact that adhesion of the films was achieved suggests that
bonding by this method may be realisable. The poor adhesion of the
chromium to the surfaces may be related to their cleanliness. However,
a fellow colleague found that titanium films evaporated from the systems'
electron gun facility were contaminated (M.F. Ahmed- Private Communication)
and consequently the chromium films evaporated here using this same
facility may have also been contaminated. The evaporation of chromium
from plated tungsten rods ont6 previously cleaned surfaces appeared
to have adhered well and would suggest that cleanliness was not entirely
responsible for the bond failure although the method of cleaning, as
described in Section 7.3., may not have been entirely adequate here.

It was hoped to attempt this metﬁod of bonding near room
temperature and within a vacuum. Due to the inconsistent functioning

- of the vacuum plant available this course was abandoned.

8.3. Comparison between Epoxy Resin'Bonding and Phenyl Salicylate Bonding

Limited to the above mentioned bonding materials the behaviour

of a transducer bonded with each material is examined and its performance,
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together with the bonds' properties, are illustrated.

8.3.1. Epoxy Resin Bonding

In the construction of the water cell the epoxy bond was
included in the electrical circuit of the transducer. For the
manufacture of transducers requiring separate elements the bonds'
inclusion will be a necessity. The electrical behaviﬁur of the epoxy
resin used in this work was therefore examined. Two polished plates,
one of copper and the other of aluminium, were bonded together and the
electrical behaviour of this 'capacitor' was measured over the
frequency range 1 - 108 M Hz. The two plates were placed together with
a small amount of the resin between them and the arrangement was placed
in an oven heated to 50 - 60% to cure the epoxy. The thickness
-of the bond was measured by breaking the two plates apart and observing
- the -epoxy layer edges with a travelling microscope subsequent to the
measurements. The variation of the dielectric constant and the loss
tangent for four different thicknesses is shown in Fig. 8.3.1.1. and
Fig. 8.3.1.2. respectively. The two thicker layers, 63 um and 35um ,
were measured as described and the two thinner layers, 21um and 11.5um
were estimated both from optical and electrical measurements.

In the frequency range 10 - 45 M Hz the relative permittivity
has a value of approximately 4 and the loss tangent has a minimum
between 0.1 - 0.3. Above 50 M Hz the loss tangent increases rapidly
and the value of the permittivity changes. The behaviour of each
quantity is dependent upon the thickness of the bond layer. Although
variations in the adhesive-hardner ratio may have produced some effect
the properties of the epoxy may have altered near the metal surfaces
due to its chemical reaction with those materials and would account
for the rapid increase in the loss tangent and the increased variation

in the permittivity with the reduced thickness. At higher frequencies

137



-~
(s

w
R e IR,

S

J 10 20 .30 4 S0 6 70 8 90 100 108
frequency MHz
Fige 843.1.1. Relative permittivity versus freouency of the epoxy
resin vsed (Araldite adhesive AY103, hardener 1'Y956)

for various thicknesses between an aluminium and
copper plate,

00
a 63um
tan© b 35um
' ¢ 2ium
d 11.5um
b

B

s o

RS o e MR B = B 5 — L U
1 10 20 30 40 50 60 70 80 S0 100 108
frequency MHz
Fige 8e3¢1e2. Corresponding variation in loss tangent with frequency
of the epoxy resin for thke various thicknesses,

138



the permittivity became negative and the behaviour of the arrangment
was therefore inductive due to possible absorbtion resonance.

To examine the acoustic behaviour of the epoxy bond a single-
dimensional acousto-optic deflector was constructed using an
unknown sample of soft flint glass as the interaction medium. Here,
a 0.95um layer of silver was deposited onto the delay medium and a
single 15 mm x 5 mm transducer platelet. However, the evaporation
process produced conglomerations on the silver films and, without
wishing to delay matters by re-evaporating the films, these had to
be subsequently cleaned up. This was achieved by removing the particles
with a razor and smoothed by gently rubbing the surfaces on a dry tissue.
In view of the state of the films the bonding pressure was limited
to about 100 p.s.i. The method of manufacture was similar to that
described in section 8.5.2. and the transducer was reduced (section
6.4.) to a thickness of 60um . It was evident at this thickness that
the particles in the deposited films had not been entirely removed
since non-parallelism of the transducer surfaces could readily be
observed. Two aluminium electrodes, 6.5 mm x 2 mm and 0.2um  thick,
were evaporated onto the top of the transducer so that the final
arrangement represented a two-element planar array (section 3.8.23).

‘ This construction eliminated the epoxy bond ;}om the electrical
circuit. The measured electrical performance of the transducer is
.shown in Fig. 8.3.1.3. For compairson there is also shown the theoretical
response of a 35% rotated Y-cut LiNb04 transducer with epoxy resin
as the delay medium. Although the transducer was bonded to a glass
delay medium the platelet essentially 'sees' a delay medium of epoxy
resin due to the bonds' high value of acoustic attenuation. Between a
thickness-frequency product of 3340 and 3660 the permittivity becomes

negative and the transducer thus becomes inductive. The plate has a
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pure conductance at these two frequencies. The high measured value

of conductance at the higher frequencies is due to the non-parallelism

of the plate and indicates that resonance has occurred over areas

of the transducer which are of a smaller thickness than the average value.

The optical performance, using a He-Ne 633 nm wavelength laser,
is shown in Fig. 8.3.1.4. Within the glass medium, although terminated
with an aluminium heat sink, a standing wave existed and the envelope
of the response is transducer limited. The curvature between the
bonded surfaces was such that the effective acoustic column length
inside the glass is no longer the same as that of the transducers'
top electrode. The bonds' attenuation has reduced the effective
interaction length and the sound intensity varies along the length.

The deflection was such that the interaction was essentially within
the Raman-Nath regime and, together with the acoustic losses, the peak
-deflected light with an applied power of 3 Watts driven untuned at

the centre frequency was only 4%.

The electrical and acoustic performance of the epoxy bond measured
here indicates that the use of this bonding material at higher
frequencies would be undesirable unless the bond thickness can be
made ultra-thin i.e. == 0.lum. The characteristics here give a clear
indication of the behaviour of the water ce11ltransducers discussed
in section 7. Electrical losses due to the evaporated films are
essentially negligible. A single-dimensional water cell device using
aluminium as the intermediate medium and epoxy as the bonding material
constructed by D. K. K. Wong (1977) supervised by the author still
had an insertion loss of approximately 4 dB at 30 M Hz. The estimated
attenuation constant for the epoxy used here is thus in the order of
10? dB / cm G sz. Although the use of an alternative grade of epoxy
may havelimproved matters it was considered that the advantage would be

negligible if the bonding thickness using the existing epoxy could
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not to be made ultrathin and the curvature of the surfaces to be

bonded reduced.

8.3.2. Phenyl Salicylate Bonding

The alternative method of bonding open to the author was the
use of the low melting point solids. Phenyl Salicylate (Salol) was
chosen for its lowest melting point (43°C) to minimize problems due
to thermal effects caused while bonding. To examine the behaviour
of a device using this material for bonding a similar device to that
used to examine the epoxy resin bond was constructed. The interaction
medium was a similar piece of soft flint glass also terminated with
an aluminium heat sink. An aluminium film, approximately 0.5 um thick,
was evaporated onto the transducer surface only and the flint glass
surface was ground flat (section 6.4.). The two surfaces were placed
together under a pressure of approximately 100 p.s.i. The 'salol’
crystals were placed around the edges of the transducer and the
arrangement was heated to 55?6 in an oﬁen. The bond is formed by the
'salol' seeping between the two surfaces by capillary action (Sullivan
1962) . The assembly was left to cool for a period of about 2 hours
for the cement to harden. Using this procedure the salol does not
harden immediate]ylbelow the melting point but only when the arrangement
has been cooled to room temperature for some time. This virtually
eliminates any induced stresses produced during the bonding using an
elevated temperature. The transducer was fabricated and reduced, as
discussed in section 6.4, and section 8, to a thickness of 42um . The
top electrode, although of similar dimensions, was made using silver
paste. Evaporation of aluminium or tin é]ectrodes could not be
achieved since the heat produced within the vacuum chamber was sufficient

to melt the bond.
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The electrical response of the transducer is shown in Fig. 8.3.2.1.
Similar to the epoxy resin device a standing wave existed within the
glass medium and this factor is evident in the impedance measurements.
The normalized conductance and capacitance, measured point by point,
clearly show this. Also shown is the average variation of the
electrical bropertfes.; The response, although affected by the bonds
attenuation and the loading of the silver paste, is considerably
broader over this frequency range and is an improvement compared to
the epoxy resin device. The effect of the standing wave on the
impedance suggests that the acoustic losses of the bond are considerably
lower than that of the epoxy resin bond.

The optical bandwidth shown in Fig. 8.3.2.2. re-affirms the im-
proved performance of the device using this bonding material. The
envelope of the standing wave response is shown and the device was
operational over a fractional bandwidth of 0.6 tuned to a centre
frequency of 81 M Hz. The reduced losses improved the effective
interaction length and the device was able to operate well within
the bragg regime.

The efficiency of the device has also been improved over that
of the epoxy resin device. A peak deflection of 14% of the incident
light from a He-Ne laser was achieved with the application of 3 watts
pulsed electrical power. For continuous operation, however, the
device could be operated with no more than 0.5 - 0.75 watts, corresponding
to a power density of 2 - 3 watts / cmz. Heating, due to the acoustic
losses of the bond and acoustic energy absorbed by the silver paste
electrodes, was sufficient to temporarily melt the cement. Degradation
in performance, after allowing the cement to reset, was not noticeable.

Although an improved performance is achieved using 'salol’ as
the bonding medium the temperature dependence of the material does not

permit the evaporation of a top electrode and Timits the maximum power
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handling capability of the transducer. These restrictions are not
imposed with epoxy as the bonding material although, acoustically,
the bond will have a considerably increased loss. The physical
properties of the flint glass interaction medium are not essential
for comparison purposes although the measured values of refractive
index and longitudinal acoustic velocity for the samples used were
1.485 % 0.2% and 5.36 km/s ¥ 1% respectively yielding a minimum

bragg frequency of 65 M Hz.

8.4. Lead Molybdate Design Considerations

The size of the PbMoO4 sampies determined the capacity, access
time, efficiency and bandwidth that can be obtained using this material
as the interaction medium. As already mentioned in section 6.5. the
dimensions of the samples were 1.8 x 1.0 x 0.9 cm. The 1.0 x 0.9 cm
optical faces allow an aperture of about 0.8 cm in diameter and the
1.8 cm sample Tength allows a maximum interaction length of 1.6 cm.

Using He-Ne laser 1ight of 633 nm wavelength propagating near the
plane z = 0, polarised parallel to this plane, and for sound
propagating along the z axis, using the full aperture, the maximum
access time is 2.2us . The minimum bragg frequency given by
Eq. 3.8.1.6. is 56 M Hz. The transducer thickness must therefore be
less than 54 um ., The power requireﬂ to deflect 70% of the incident
beam into the first order,with the 1ight polarized in the plane z = 0
(Appendix A) is given by Eq. 3.4.3. to be 1.12 watts, assuming the
sound column to be generated by a single transducer with a length-
width ratio of 2 : 1.

Similarly, for tﬁe same optical arrangement but with the sound

propagating in the plane z = 0 nearly orthogonal to the light direction,
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the maximum access time, using the full aperture is 1.85us corresponding
to the largest longitudinal velocity in this plane. The corresponding
minimum bragg frequency is 66 M Hz resulting in a maximum transducer
thickness of 44 um ., The power required to deflect the same amount of
light in this plane using the same geometry is, theofetica]]y. 1.65
watts.

The electrical properties of a 35° rotated Y-cut LiNbO3 transducer
bonded to PbMo0O4 with the plate normal parallel to the z axis and
the x or y axis is shown in Fig. 8.4.1. Also, in Fig. 8.4.2. there is
shown the theoretical one-way insertion loss for such a transducer.

The PbMoOg4 particle displacement angle in the x or y direction was

assumed to be zero for ﬁhese calculations. The various properties

in each direction differ only slightly and the optimum -4 dB fractional
bandwidth is approximately 0.79. The power associated with the shear

wave generated is 15 dB below the longitudinal wave power and is of

little significance. This level may be reduced, however, due to the
finite particle displacement angle in the x or y directions (Fig. 5.4.6.).
To make use of the potentially available bandwidth a transducer centre
centre frequency in excess of 75 M Hz is required.

It has been shown by DeBenedictis and Lucero (1974) that dispersion
with optical wavelength of the refractive indices and elasto-optic
coefficients, Py3 and P33,0f PbMoO4 occur. The figure of merit, Mp,
associated with a z propagating acousfic wave and for x or y polarised
light, has been shown to inc;gése by a factor of 3 when an optical
wavelength of 441.6 nm, obtained from a He-Cd laser, is used compared
to that when He-Ne laser light is employed. This is a result of the
increased value of the ordinary refractive index and the coefficient
P13 at thjs optical wavelength. Irrespective of the change in

material parameters (given in Appendix E) Eq. 3.4.3. shows that the
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efficiency increases by a factor of 2 when this shorter wavelength
is used. The figure of merit associated with the deflection by an
X or y propagating acoustic wave involves the ordinary refractive
index and an increase in M, here may also be anticipated. Although
the value of the relevant elasto-optic coefficient Py, is not known
at this wavelength an overall increase in the figure of merit of 2
or greater may be expected. The total increase in the deflection
efficiency of 7.8 dB and 6 dB respectively may thus be expected

and may be useful where excessive acoustic losses occur. The
corresponding minimum bragg frequencies for z propagating and x or

y propagating sound are 69.5 M Hz and 82.5 M Hz respectively.

8.5. Device Construction and Transducer Fabrication

The construction of the lead molybdate devices is illustrated

~and the method of fabricating the transducers is described. The bonding

of the appropriate components and the condition and quality of the

final devices is also discussed.

8.5.1. Device Construction

The basic construction of the PbMoO4 device is shown in Fig.
8.5.1.1. Aluminium heat sinks 1 are bonded to the back faces of the
sample 2 with the same epoxy resin used for the transducer bonding.

The metal surfaces were polished, albeit with up to a 4um  curvature,
and bonded under 1000 p.s.i. pressure using a hydraulic jig with the
assembly heated to about 60°C with a hot air blower. The materials
were then transferred to an oven, heated to about the same temperature,
to cure. Coquin et al (1971) have observed damage to PbMoO, samples
due to the difference in thermal expansion between PbMoOg, in the

plane normal to the z axis, and aluminium when the bonded surfaces
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to jig for fabrication of transducers.
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are cooled from an elevated temperature. Kovar was suggested as an
alternative. This risk was taken here, however, and no damage
occurred to the samples. The thermal expansion of PbMo0Og in the
plane parallel to the z axis closely matches that of aluminium
however. The size of the heat sinks and the order in which they were
bonded was such that allowance was made for the fabrication of each
of the two transducers 3. These were attached to the faces opposite
the heat sinks. These faces were tilted between 1°-2° longitudinally
(Pinnow et al 1969) and laterally with respect to the opposite

faces. Contact to the transducer was made with wires via 3" square

copper clad board terminals 4,

8.5.2. Method of Alignment

Prior to bonding, two screw threads were produced in the back
of the aluminium heat sinks so that the assembly could be attached
to the grinding jig without the use of an adhesive. The assembly
was screwed to an aluminium base as shown in Fig. 8.5.2.1. which was
subsequently screwed to the central column of the jig. The surface
on the PbMo0Os to which the tfansducer was to be bonded was then ground
flat. The aluminium base could then be removed and the transducer
bonded to the PbMoOg. The base was then returned to the central
column of the jig. In the hope that no misalignment to the jig
occurred the subsequent fabrication of the transducer would allow its
faces to remain parallel to each other. The removal of the device
from the jig was thus made simple. Further heat sinking could be added

if required.
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8.5.3. Deflector 1 : Transducer Arrangement and Fabrication

For this device epoxy resin was used as the transducer
bonding material. In view of the performance of the previous
devices bonded with epoxy an acoustic centre frequency of 90 M Hz
corresponding to a transducer thickness of about 33¢nﬁ was aimed
for. This would allow the device to operate within the bragg regime
and yet minimize losses due to the bond. The transducers were also
arranged so that they consisted of two elements with the polarisation
of one element inverted with respect to the other. With electrical
contact made to the top electrodes the behaviour would be similar to
that of a single transducer and the impedance would also be raised
in value. The 4 dB loss associated with a planar transducer array
(section 3.8.2.) would also be overcome.

The surfaces to be bonded were initially cleaned in the same
manner as for the fabrication of the water cell transducers (section
7.3.).  An aluminium electrode of approximately U.SAHﬂ‘ was depoéited
onto the PpMoO4 surface. Both elements of the transducer were
bonded simultaneously to one of the PbM004 surfaces as in section
7.3. except that the assembly was quickly heated to reach about 60%
within about 5 minutes using the hot air blower and the 1000 p.s.i.
pressure was applied for 1 minute only. The grinding process was
followed as in section 6.4. and satisfactory reduction to a thickness
of 60um was achieved. The transducér thickness was monitored by
observing acousto-optic diffraction at the plates' fundamental and
harmonic resonant frequencies. Two aluminium foil electrodes
temporarily placed on to the top of the transducers were driven with
a r.f. signal and a He-Ne laser was passed through the deflection
medium while still attached to the jig. .Below 60um , however, the

transducer began to crack and by the time the thickness was reduced
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to 35um their condition was somewhat dire.

The same procedure was followed for the fabrication of the
second transducer. Again, reduction to about 50 um was satisfactory
but below this excessive cracking occurred. The top electrodes
were formed from self-adhering aluminium foil. The use of silver
paste or the evaporation of electrodes was considered pointless due
to the transducers poor condition. This cracking is attributed to
the considerable difference in the coefficient of thermal expansion

between the two materials.

8.5.4. Deflector 2 : Transducer Arrangement and Fabrication

This second device used tﬂe Tow melting point cement 'salol'
as the bonding medium. Consideration of the performance of the
previous glass device (section 8.3.2.) permitted a higher transducer
centre frequency to be tried. Thus a frequency of 150 M Hz, corresponding
to a transducer thickness of about 20 um was attempted here and
operation well within the bragg regime could therefore be expected.
The transducers were arranged in the form of a single bonded platelet,
subdivided into elements, and electrically connected to form a planar
array as in section 3.8.2. The 4 dB loss in the interaction efficiency
was tolerated assuming the acoustic attenuation of the bond not to
be excessive.

The appropriate surfaces were prepared and cleaned as before.
A 0.5um aluminium electrode was deposited onto the transducer
surface only. The evaporation of a film onto the PbMoOy4 surfaﬁe
was unnecessary for this transducer configuration and this also
minimized the number.of-evaporation processes. The transducer and
PbMoO4 surfaces were placed together and the bonding procedure followed

as discussed for the device in section 8.3.2. The method of alignment
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and reduction procedure have been discussed in section 8.5.2. and
section 6.4. Monitoring of the transducers' thickness was achieved
in the same way as described for the fabrication of the transducers
for Deflector 1 (section 8.5.3.). Satisfactory reduction to the
required thickness was achieved without any damage occuring to the
transducers. Removal of excess 'salol' from around the transducers'
edges, using acetone, was undertaken during the reduction process

to prevent the cement from becoming detached and causing damage to
the platelet. Unlike the transducers associated with Deflector 1

no cracking had occurred and the transducers were in a good condition.
The final thickness of the plates, estimated from subsequent imped-
ance measurements, was about 25um , corresponding to a centre
frequency of about 135 M Hz, the error being due to the inaccuracies
of the monitoring method.

The transducer bonded to the adjacent PbMo0, surface was
fabricated in the same manner. During the bonding procedure the
first transducer had to be kept in position since its bond would melt.
A polished aluminium plate was placed on top of the first transducer
and secured in position using rubber bands. Degradation in the
transducers' subsequent performance was not detectable. For the top
electrodes silver paste was used. Initially the top electrodes were
arranged so that a two element array could be realised. However,
the plates were eventually divided to realise a four element array
to increase the transducers impedance. The tranéducer was segmented
using a scalpel (Alphonse 1975) and the silver paste electrodes

were divided accordingly.

8.6. Performance

The performance of the two devices, Deflector 1 and Deflector 2,
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are described. For the examination of their optical behaviour the
optical and electrical arrangement as described in section 7.4. was
used with the inclusion of a polarizer between the laser and the beam
expanding lens arrangement.

It was expected that for the direction in which the optical
beam was propagating the polarization axes would coincide with the
normals of the transducers. Upon examination of the two PbMoQO4
samples this was not the case. The polarization axes were orientated
at almost 45° with respect to the transducers normals. Separation
of the ordinary and extraordinary rays occurred and was partly due
to the non-parallelism of the optical faces. However, it was
observed that this birefringence was spatially variant across the
optical aperture. Operation in both orthogonal directions could be
achieved, however, with the 1ight appropriately polarized along one
of the polarization axes. Using an aperture of 8 mm considerable
distortion to the resulting spot occurred. Satisfactory spot shape
could be obtained only when the aperture was reduced to about 4 mm
and for the incident beam suitably positioned in an area of the
aperture. Although some residual distortion was due to the optical
components used in the setup the distortion caused by the PbMo04
was predominant. Thus, the PbMoO; samples appeared to be twinned.
However, they were nevertheless usable to demonstrate the interaction.

For Deflector 2 the performance of the device with its transducers
arranged as a two element array and as a four element array are

compared.

8.6.1. Performance of Deflector 1

8.6.1.1. Electrical Response

The electrical response of each of the transducers is shown in

154



GmS _CpF
%0270 "

02 &
...... -z prop.(horiz.)
160-240
e xy prop.(vert.)
e y prop
140:210
2oH80 __—
100-150
80-120
60490
o
2430 e L N s
50 60 E) SETRE A ger 00 108
frequency MHz
Fige 8.6.1.1.1, Electrical properties of the transducers
associsted with leflector 1. Forizontal
deflection is accomplished with the
z propagating( in Pbﬂocb ) acoustic wave.
b 1
8 £
o A ------2 prop_(horiz)
7 e QIR xy prop.(vert.)
£ ‘.l. \
3 ¢ \\

relative intensity

et
1
|
J
i

90 100
2 % frequency MHz

(%3]
o

Fige 8.6.1.3.1. Opticel bandwidth of each first order of Deflector 1

155



Fig. 8.6.1.1.1 in the frequency range between 50 M Hz and 108 M Hz
and bears little resemblance to the theoretical curves of Fig, 8.4.1.
It can be seen, however, from the curves showing the conductance and
capacitance of the transducer bonded to the PbMoO, face parallel to
the assumed z axis that the electrical properties of the epofy

resin, as shoﬁn in Fig. 8.3.1.1. and Fig. 8.3.1.2., are beginning

to predominate. The lower values of the conductance and capacitance
associated with the transducer bonded to the face normal to the z
axis are due largely to the improper contact between the aluminium
foil top electrode and the LiNb0O3 surface. Again, here, the epoxy

is responsible for the poor response and the resonance of the trans-
ducers is reduced due to the bonds' attenuation. Also, the physical
condition of the platelets has-contributed to the poor response.
Thus, electrical power supplied to the transducer will also be dissipated

within the epoxy as well as being delivered to the transducer.

8.6.1.2, Efficiency

The device was bonded to an aluminium chassis and the transcucers
were connected to two B.N.C. sockets via 2 tuning network similar
in form to those used on the water cell device {section 7.2.). Each
port was tuned to 50 at a frequency of 85 M Hz. The final device
is shown in Plate 8.6.1.2.1.

It can be inferred from the electrical response that the efficiency
of the device will be poor. Using a 1 mm beam diameter He-Ne 633nm
laser the light deflected into the first orders by the z propagating
and the x or y propagating acoustic wave was approximately 7.5% and

4.5% respectively using an r.f. power of 3 watts. From Eq. 3.4.3.
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Plate 8.6.1.2.1. The !’l:»r*‘itm()h two-dimensional deflector 1.
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the estimated transducer losses were 15.4 dB'and 15.9 dB respectively.
Inevitably, the transducers efficiency was spatially variant over

the aperture and these measured values correspond to the incident
beam situated in the optimum position. These losses could be
accounted for by energy dissipated in the epoxy, acoustic attenuation
of the bond,. energy lost into the foil electrodes and dispersion of
the sound by the physical state of the transducers. Also, the
interaction being near the Bragg-Raman Nath regime boundary, and the
bonds' attenuation reducing the effective interaction length,
together with the quality of the PbMoOs all make their contribution
to the losses. The amount of 1ight that could be deflected into

the composite order was consequently extremely samll.

The excessive losses thus demanded the use of a shorter optical
wavelength to improve the percentage deflection of 1ight into the
composite order. The interaction will be moved further towards
the bragg-Raman Nath boundary however. The percentage deflection of
light with power, using a 1 mm diameter beam He-Cd 441.6 nm laser,
suitably positioned, is shown in Fig. 8.6.1.2.1. for single-dimensional
operation in each co-ordinate. There is a considerable difference
in the amount of light deflected from the zeroth order compared to
thé intensity of the first orders and i11ustfates that the interaction
is not contained within the bragg regime. Nevertheless, approximately
a threefold increase in the deflection efficiency is achieved for
the first drders. This still meant that not more than 7% of the
incident beam could be deflected into the composite order for 3 watts

of electrical power applied to each transducer.
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8.6.1.3. Bandwidth

Using the He-Cd wavelength 1ight, and without any additional
electrical tuning, the bandwidth in each orthogonal direction is shown
in Fig. 8.6.1.3.1. The interaction is entirely dependent on the
transducer bandwidths. The bragg angles were satisfied at the
frequency to which the device was tuned.

The bandwidth asscciated with the first order deflected by the
x or y propagating acoustic wave has a broader response and can be
related to the transducers' electrical response in Fig. 8.6.1.1.1.

The peak intensity increases slightly as the frequency decreases due
to the frequency dependence of the epoxy resins' losses. The -4 dB
fractional bandwidth obtained for this case was 0.42.

The response of the first order beam deflected by the z
propagating acoustic wave has peaked around the bragg frequency.

This is a result of the effective capacitance in series with the
transducer by the improper contact of the foil top electrode and

this performance is as expected from the transducers' electrical
behaviour. The optical deflection, although reduced to 5 dB below

the peak deflected intensity, is extended down to €0 M Hz as the losses
are reduced with a decrease in frequency. The -4 dB fractional
bandwidth here was only 0.174 although a -6 dB fractional bandwidth of

0.45 was obtainable.

8.6.1.4. Display

The excessive transducer losses were such that only about 3% of
the applied electrical energy appeared as acoustic energy within the
PbMoO,4 and observable deflection of light (441.6 nm) could only be

satisfactorily achieved when about 2 watts of electrical power was
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applied to each transducer. The subsequent heat produced at each

of the transducer surfaces caused considerable thermal effects to
occur, Controlling the composite order with two stepped frequency
generators (Appendix G),both of which were adjusted to scan between
the frequencies 70 - 90 M Hz , the display shown in Plate 8.6.1.4.1.
could be obtained using an optical aperture of 2 mm. Increasing the
aperture further did not increase the resolution but rather decreased
it due to the severity of the thermal effects. Also, soon after
initially operating the device the optical beams began to wander

due to the prism forming heating effect (Coquin et al 1971). Such
effects have caused the beam spot shape to become triangular and the
heating is also responsible for the distortion to the rectangular
array of spots. After operating for about i hour the device and the
aluminium chassis became almost too hot te touch. The heat sinking
provided was thus insufficient for a device being supplied with this
amount of power. ;

With this device interference between the two channels was
observed. Plate 8.6.1.4.2. shows that with about 2 watts applied to
the vertically deflecting transducer light is deflected not only into
the vertical first order but also into the horizontal first order
as well, The formation of the two first orders has also caused
some scattering of light into the composite order. The port associated
with the horizontally deflecting transducer was open-circuited in this
instance. The interference occurred, however, irrespective of the
value of the ports' termination. Although coupling between the
transducers may be due to external means, in which case screening between
the two sections would have to be provided, it is possible that coupling

has occurred through the interaction medium since each electrode on
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the PbMo0, surfaces is 'live'. This coupling cannot therefore be
avoided and may be an inherent characteristic of the device. Acoustic
detection and regeneration of waves by the horizontally deflecting
transducer from reflections of the vertically propagating acoustic

wave within the interaction medium may also be a possible cause.

8.6.2. Performance of Deflector 2

8.6.2.1. Electrical Response

The electrical response of the transducers associated with
Deflector 2 are shown in Fig. 8.6.2.1.1. On the smith chart is shown
the impedance of the transducers divided into four elements as well
as two elements measured from the copper clad bcard terminals over
the frequency range 50 - 250 M Hz. For this device the transducers
electrical circuit does not include the bonding layer.

The high value of the capacitance of the plate has caused the
inductance of the connecting wires to become significant. This is
clearly shown by the variation of the impedance for the two element
arrangement for both transducers. The centre frequency of each
transducer can be seen to be about 120-125 M Hz and the magnitude of
the resistance at these frequencies (0.9 - 1.2 a maximum) is less
than that expected from the theoretical response in Fig. 8.4.1.

Dividing the transducers into four elements has reduced the
capacitance and also reduced the significance of the connecting wires'
inductance. The magnitude of the resistance has also increased, although
less than expected, allowance being made for the slight reduction of
the top electrode area due to the segmentation. It can be seen from

Plate 8.6.2.2.1. that for the four element array power is applied to

163



P9l

Fig. 8.642.1.1. Impedance of the transducers associated with Deflector 2.

a) impedance of transducer associated with
the horizontal deflection (z propagating
acoustic wave).

b) impedance of transducer associated with
the vertical deflection (xy propsgeting
acoustic wave),



the two inner elements while the tw6 outer elements are 1inked
together. This method of connection was done merely for convenience
since it eliminated the removal and replacement of the already
existing supply wires. The performance of the array is still similar
to that described in section 3.8.2. The links' inclusion will
increase the series inductance of the arrangement however.

For these measurements use was made of a Hewlett Packard 8410A
network analyser, a 8690B 0.1 - 4 G Hz voltage controlled oscillator,
and a 8745A S parameter test set used in conjunction with a 8414A

polar display.

. 8.6.2.2. Efficiency

Deflector 2 is shown in Plate 8.6.2.2.1. bonded to an aluminium
chassis and connected via two tuning networks to the two B.N.C. sockets.
The device was arranged so that additional heat sinking could be
provided for the removal of heat. Each transducer was initially tuned
to 50 o at its centre frequency using a first order tuning network.
The variation of intensity of the first order with applied power, for
single-dimensional deflection in each co-ordinate, is shown in
Fig. 8.6.2.2.1. The intensity variation is shown for both the two
element and four element arrangements. The cell was adjusted so that
‘the acousto-optic interaction satisfied the bragg angle in each
dimension at the tuned frequencies. Plate 8.6.2.2.2. shows the cell
mounted on an adjustable table designed so that the necessary adjuét-
ments could be performed. This table was used for alignment and
adjustment purposes for all the devices discussed in this work.

Using the He-Cd wavelength ligﬁt and a 1 mm beam diameter 49%

of the incident beam could be deflected into the first order by the

165



Plate B8.6.2.2.1. The PhMoCL two dimensional deflector 2.

Plate 8.6.2.2.2. Deflector 2 in use mounted on its! adjustable table,
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horizontally deflecting transducer ( z propagating acoustic vave)
arranged as a two element array with an applied electrical power of
1.5 watts. For the same arrangement the vertically def1ecting
transducer could deflect 30% of the incident beam when operated at

the same power level, The bond and the loading of the transducers

by the silver paste produced an uneven response across the transducers
widths and Fig. 8.6.2.2.1. shows the response for the incident heam
placed in the optimum position. The reduced losses of the bond
allowed the interaction to occur well within the bragg regime.
Continuous operation above 1.5 watts, however, caused the 'salol' bonds
to melt due to heat produced by the transducers losses and thus
prevented operation above this level. The estimated losses associated
with the bond here were about 3 dB, allowing for the 4 dB interaction
loss and a 3 - 4 dB loss due to the silver paste loading.

For the four element transducer arrays the device was similarly
tuned, aligned, and adjusted. Fig. 8.6.2.2.1. éhows that for this
arrangement the efficiency in the horizontal dimension has decreased
slightly by 0.57 dB and the efficiency in the vertical dimension has
increased by 1.7 dB. This measurement was made to investigate to
what extent, if any, the electrical losses had on the transducers
performance. These losses would appear to have been responsible for
the change in efficiency in the vertical dimension although the slightly
reduced interaction length, due to the segmenting, may be responsible

for the reduced efficiency in the horizontal dimension.

8.6.2.3. Bandwidth

The low impedances of the two element arrays required that the

tuning networks would have to match the transducer to near 50 over
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the desired bandwidth. This could not be achieved with a first
order network similar to that used on the water cell device. Instead,
a third order network was used, the type of which is described by
Matthaei (1964). The interaction bandwidths, for deflection in eéch
dimension, are shown in Fig. 8.6.2.3.1. and Fig. 8.6.2.3.2. The
values of the tuning components vere determined from the tables given
by Matthaei and also by experiment. A centre frequency around 100
M Hz was aimed for which, although lower than the transducers centre
frequencies, was attempted to minimise the losses. The interaction
- 4 dB fractional bandwidth achieved in the horizontal dimension
(z propagating acoustic wave) was 0.36 with a centre frequency of
104 M Hz. The fractional bandwidth in the vertical dimension was
0.48 with a 99 M Hz centre frequency. The bandwidth, however, was
essentially dependent on the tuning networks rather than on the response
of the transducers.

The segmentation of the transducers to form a four element array
was an attempt to increaée the transducer impedances so as to ease
the tuning and matching problem. Here, as before, a third order
tuning network for each transducer was employed which is illustrated
in Fig. 8.6.2.3.3. The component values were determined from the
tables given by Matthaei (1964) and also by experiment. Fixed values
of capacitance weré used and the inductors were adjusted to minimise
the reflection coefficient. The centre frequencies were higher than
before (131 M Hz) and were tried to achieve a larger fractional bandwidth.
The tuned impedances, Zj7 and Zpp, of the two ports are shown in
Fig. 8.6.2.3.4. over the frequency range 85 - 185 M Hz. The interaction
bandwidths are shown in Fig. 8.6.2.3.5. and Fig. 8.6.2.3.6. A -4 dB
fractional bandwidth of 0.49 was achieved for deflection in the horizontal

dimension and of 0.51 for deflection in the vertical dimension. The

169



10,

~3

q

=~ .

relative intensity ¢,

wI

~3

£

— s s
L ]

] . |

|

|

-

-

|

c 13

/b/\/\ =

WL s S e B LB . o ot s . i
60 70 80 S0 100 110 120 130
frequency MHz

Fige 8¢6.2.3.1. Bandwidth of horizontzl first order of Deflector 2
with 2 element transducer array.

af - /
e /

i

relative intensity

e

60 .8 80 Q0 100 110 120 130
- frequency MHz

o
o

Fige B.6.2.3.2, Bandwidth of vertical first order of Deflector 2
with 2 elenent transducer &rrey.

170



L3 L2 Ly

H v

two-dimensicnal

_l_qo —ItZG —[Em deflector —I_C3b _I_CZb —lﬁm

50nH =18 pF Cqp = 18pF H = horizontally de{‘lecting
M “a £ o transducer
Lo~30nH Coq=27pF Cop =22pF V = vertically deflecting
transducer
Ly ~10nH Cqq=33pF Cqy, =47pF

Fige 8.6.2.3.3. The tuning arrangement for Deflector 2. The
capacitors were of fixed values while the
the values of the inductances are approximate
and were adjusted experimentally.

peak in the interaction bandwidths between 110 - 120 M Hz is due to
the transducers centre response and the extended tandwidth above 120
M Hz is due to the response of the tuning networks.

Further segmentation of the transducers to'form an eight element
array would have been appropriate to increase their impedances and
to further extend the bandwidths. Howéver, this was not feasible due

to the delicacy of the transducer arrangements.

8.6.2.4. Display

The temperature dependence of the bonding material limited the
total amount of power that could be applied to the device. A maximum
limit of 1.5 watts was imposed which meant that the average power that
could be applied to each transducer was less than 0.75 watts. For
X-Y deflection purposes the device was actually driven with between
0.5 - 0.7 watts fed to each transducer. .The percentage He-Cd light
deflected into the composite order was thus small and in the order of

about 4% or less using the four element array transducers. As previously
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a) the port associated with the horizontel deflection.

b) the port associated with the vertical deflection.



101

relative intensity ., o -~

90 100 10 120 130 1o 150 160 170 180
frequency MHz

Fig. 8.6.2.3.5. Bandwidth of horizontzl first order of Deflector 2
with i element transducer array.

10

relative intensity ., =

f

-

90 100 110 120 130 = 1D 150 150 170 180
frequency MHz

Fige B8.6.2.3.6. Bandwidth of vertical first order of Deflector 2
withk i element ©ransducer arraye.

173



mentioned the incident optical beam diameter was 1imited to no more
than 4 mm due to the peculiarities of the PbMoO, samples, although
the device was designed to permit an & mm diameter beam. The
resolution obtained was thus less than desired.

The composite order displaying 256 spot positions is demonstrated
in Plate 8.6.2.4.1. Two stepped frequency generators (Appendix G)
were used to control the deflection in each dimension, one of which
was adjusted to operate between 120 - 155 M Hz for controlling
the vertical deflection and the other was adjusted to between 116 -
149 M Hz for the horizontal deflection. Deflection in the vertical
dimension was of a good quality. Even with the 4 mm aperture the
deflected spot was not accompanied by any spurious scattered light.
Some misalignment had occurred during the fabrication of the horizon-
tally deflecting transducer, however, and some spurious deflections
did accompany the deflected spot. This, nevertheless, was not severe
and did not interfere to any appreciable extent with the composite
spot display. Spot distortion was mainly due to the behaviour of
the PbMo0Os sample and the residual distortion produced by the optical
components in the system. Some thermal effects were noticed especially
with the beam placed near the transducers surfaces. With the incident
beam positioned elsewhere these were not noticeable with the Tow
electrical applied power. Due to the low level of deflection
efficiency some of the spots are partially obscured by the spacial
noise caused by light scattered at the various optical surfaces.

Plate 8.6.2.4.2. shows the display with the stepped frequency
generators adjusted to produce 1024 spot positions. The resolution
is limited by the aperture and frequency range used. It can be
clearly seen that there is some non-linearity in the frequency increments

of the generators. In the upper right quadrant the spots are just
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Sine wave (LOOWz) display by Deflector 2 using

Plate 8.6.2.L.3.

full available bandwidth and Lmm aperture.
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resolvable while in the lower left quadrant this resolution can not
be attained. Again, the intensity of the deflected light is
comparable with the quiescent scattering. The deflection speed
here was about 10us / spot.

To demonstrate the full capacity of the deflector the generators
were replaced with two voltage controlled sweep frequency oscillators.
The oscillator controlling the vertical deflection was driven with
a 400 Hz sine wave signal while the oscillator controlling the
horizontal deflection was fed with a sawtooth waveform of 100 Hz.
The resulting display is shown in Plate 8.6.2.4.3. The r.f.
frequency range in both dimensions was 90 M Hz centred at 130 M Hz
in the horizontal and 135 M Hz in the vertical. Although some
resolution has been lost in the photographic reproduction process .
the scale of the deflection and resolution can be inferred from the
size of the spacial noise in Fig. 8.6.2.4.3. compared to that in
Fig. 8.6.2.4.1. and Fig. 8.6.2.4.2. The available capacity in this
instance was of the order of 90 x 90 resolvable spots. Also, unlike
Deflector 1, no interference due to cross-coupling was observed with

this second device.
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9, Discussion

9.1. Introduction

This section commences with a summary of the major aspects of
the work undertaken and attempts to relate it to previously
reported devices. Some of the aspects relating to device fabrication
and performance are discussed in section 9.3. along with the
consequent areas of which this work has brought to light. Aspects
requiring further investigation are dealt with in section 9.4. and
some applications along with the devices' ultimate potential are

considered in section 9.5.

9.2. Resume of Work Undertaken

The two-dimensional acousto-optic interaction has been considered
in section 3. Where the two sound columns are mutually perpendicular
it has been shown that not only is the intrinsic deflection efficiency
the same as that of a properly aligned cascaded system, as described
by LaMacchia and Coquin (1971) and Chu and Mauldin (1973), but also
that the behaviour of the composite order is intrinsically the same
in all other respects as well. The interaction is the product of
two single-dimensional interactions as given by Eq. 3.3.14 thus
allowing the performance of a device, in each co-ordinate, to be
designed independently. There is no fundamental reason why the inter-
action efficiencies should be the same in each co-ordinate however,
as stated by LaMacchia and Coquin (1971), apart from mere preference.
It is noted that the intensities of the various orders may be related
in the form given by Eq. 3.3.15 ,

i.e.
100.111 = [01 ,110 (qu 3-3.]5 )
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This holds true whether the bragg deflection is exact or otherwise,
The effects produced by misalignemt between the two acoustic
columns has been illustrated in section 3.6. The most significant
form of misalignment is with respect to the orthogonality of the
two sound columns, given the premise that bragg deflection is
satisfied in each co-ordinate. For the two sound columns orientated
other than at 90° with respect to each other the deflection efficiency
into the composite order will be degraded and the degradation rapidly
increases as the acoustic frequency increases. The interaction has
also been considered in terms of the integral equation method which
illustrates the conservation of momentum and shows that, for a
symmetrical gaussian beam, the dimensions of the two-dimensional
interaction volume are related to the optical beam size, i.e.
H=D == Wo, where D and H are the cross-sectional dimensions of
the interaction volume and Wo is the waist of a symmetrical gaussian
optical beam.

The interaction bandwidth for various transducer geometries
has been considered. The acousto-optic interaction has been
analyzed for a planar transducer array and a tilted array as well as
for a single transducer and stepped transducer array. Results for
the planar transducer array are similar to that given by Alphonse

(1975). The available bandwidth is given by,

1
af =201+ 2K)17 fgy (Eq. 3.8.2.10)

with a centre frequency,

fc=lrn+2K'}% f (Eq. 3.8.2.5.)

BM
fBM is the minimum bragg frequency and m is the number of trans-
ducer elements. K' relates the decrease in intensity at the centre

fréquency.'
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Design modifications are given with respect to the stepped
array for use with liquids. These modifications have resulted in the

step being equal to P' half wavelengths in height, where

P = n
(1 i 7 Vm)

and where the transducer elements are driven with a phase increment

(Eq. 3.8.4.6.)

of nr radians with respect to their neighbour. The use of a tilted
transducer array-for bulk deflectors has been considered to be
jmpractical in relation to presently available technology.

The theoretical arguments considered in this work are not only
relevant to a two-dimensional deflector but may also be extended to
include a cascaded deflector system since the condition that the two
sound columns should overlap is arbitary.

The necessary considerations regarding the generation of bulk

acoustic waves from piezo-electric platelets are discussed in section

- 4, Although such work has been covered elsewhere in the literature

(i.e. Foster et al 1969) it has been put in a form suitable for the
work undertaken here. The analysis includes derivation of the acoustic
wave velocity, particle displacement angle, coupling factors, admittance,
and insertion losses.

The properties of the interaction and transducer materials
have been discussed in section 5. The acoustic properties of the
two crystalline materials used in this work, lithium niobate and lead
molybdate, have been illustrated. X-ray laue patterns are given for
both materials and the orientation directions of the lithium niobate
for obtaining an oblique transducer cut are identified,

Some of the basic practical considerations relating to various
aspects in the fabrication of acousto-optic devices are reviewed in

section 6, and the appropriate aspects in relation to this work have

180



been outlined. The methods of bonding have been reviewed as have
the methods of transducer fabrication. Heat sinking and film
adhesion, as well as the methods adopted for transducer reduction
and polishing the lead molybdate samples have been considered.

The interaction has been initially demonstrated using water
as the interaction medium in section 7. Although the devices'
performance was not as good as that desired its construction illustrated
some of the problems that would exist in fabricating a higher
frequency device, especially in view of the practical Timitations
that were imposed on the author. These problems were of bonding
and of transducer fabrication. Nevertheless, the device demonstrated
that deflection of Tight into the composite order at a reasonable
efficiency could be achieved in contrast to that achieved by Uchida
and Iwasaki (1969) and also that a capacity could be achieved as
opposed to single spot deflection as demonstrated by Chu and Mauldin
(1973).

In section 8, a description of the authors' attempts at trying
to achieve improved bonding, as well as a description of the two
devices that were constructed using lead molybdate, is given.

Limited to the use of epoxy resin or phenyl salicylate as the bonding
material the performance and properties of a transducer bonded to
glass using these materials are discussed and compared. Also

included is the authors' attempt, although unsuccessful, to produce

a metallic bond using solder as the bonding medium and to simulate

the ultrasonic bonding method (i.e. Larson and Winslow 1971) by
driving the transducer during the bonding period. Two two-dimensional
acousto-optic deflectors using lead molybdate as the interaction
medium have been constructed using each of the bonding materials

available to the author. Deflector 1 used epoxy resin as the
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bonding material and the performance of the device vas poor due

to the dire condition of the transducers and the excessive losses of
the bonds. The deflector, however, admirably demonstrated the
thermal effects caused by the losses and exhibited a certain amount
of cross-coupling between the two transducers. The éfficiency and
bandwidth was limited by the effects of the bonds and the transducers
conditions. Deflector 2 was thus constructed to try and improve

the situation. Here the bonding material was phenyl salicylate and
the two sound columns were derived from planar transducer arrays.

The temperature dependence of the bonding material limited the amount
of power supplied to the device and thus limited the amount of

light that could be deflected. Its improved performance, however,
allowed a reasonable bandwidth to be achieved and thermal effects
were not a predomindnt problem. A capacity of about 90 x 90 just
resolvable spot positions could be achieved using only half the
available optical aperture and is slightly greater than that achieved
by Uchida and Ohmachi (1970) using paratellurite (Te02). The full
aperture could not be used due to peculiarities associated with the
lead molybdate samples. Cou§1ing between the two transducers was

not observed with this second device. These two devices also show
that the figure of merit, Mo, associated with diffraction of 1ight
polarized in the plane z = 0 caused by sound propagating in the same
plane, also increases for low optical wavelengths and its increase

is comparable with that associated with diffraction for z-propagating

sound (DeBenedictis and Lucero 1974).

9.3. Aspects Relating to Device Fabrication and Performance

One'of the main problems that has existed throughout this work
has been that of bonding and is a topic which is not only relevant
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to the two-dimensional deflector but also to all other aspects

of acousto-optics as well. Although epoxy resin and phenyl salicylate
are not suitable for a practical device they have nevertheless

been used here since these materials were the only bonding agents

that did not require the use of a high technology process. The
performance of the departments' vacuum plant was also a factor which
limited the scope of experimentation regarding this aspect. The
catastrophic condition of the transducers associated with deflector 1
indicates that bonding processes requiring the use of elevated
temperatures are not suitable for attaching 1ithium niobate transducers
to lead molybdate. The most suitable bonding method is therefore

that of cold weld vacuum bonding (Sittig and Cook 1968), to eliminate
any thermally induced stresses. The method of ultrasonic bonding,

for example, would not be suitable for the bonding purposes required
here since the strength of the 1ithium niobate platelet would be
insufficient to tolerate the stresses caused by the difference between
the thermal expansion of the lead molybdate and the transducer. It
was thus fortunate that the phenyl salicylate bonds did not solidify
until close to room temperature.

I Other workers have repofted that their bonding methods have

been developed to a state of maturity, in particular the cold weld
vacuum bond using indium (Alphonse 1975) and an optical-contact bord
method using gold (Eschler 1975). The fabrication of two transducers
onto a single medium should not then adversely affect device yield

as suggested by LaMacchia and Coquin (1971) and the manufacturing
process should be no more complex than that in the fabrication of
single-dimensional deflectors. Failure during fabrication of one
transducer should not-affect the condition of the other and thus

replacement of the failed transducer should constitute Tittle problem.
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Although it has been reported elsewhere fhat satisfactory bonding
using epoxy resin has been achieved for transducers operating
above 100 M Hz (i.e. Chang 1976) the success relies on obtaining
clean and flat surfaces to achieve ultra-thin bonds. The bonding
process must include the resources for grinding, po1i§hing, cleaning,
and electrode deposition as well as working in a clean environment.
The success of the bonding procedure is inevitably as good as the
'‘weakest link' in these processes. Although a certain level of
cleanliness could be achieved with care the grinding and polishing
processes allowed surfaces to have a curvature of no better than
1 - 2um . Contamination of evaporated films was also 2 problem
~and these additional factors ultimately limited the success and
performance of the bonded transducers associated with this work.

Although the method of cleaning the material surfaces during
this work, as discussed in section 7.3., may have been insufficient
and the reduced adhesion of the deposited films may have contributed
to a small extent to the losses the method was considered adequate
in view of the other factors which limited the ultimate quality of
the process. A more rigoroug cleaning method has been discussed by
Johnson (1976) and may be more suitable where well established
fabrication techniques are employed.

A problem assbciated with acousto-optic deflectors is thermal
stability. This problem also exists for the two-dimensional
deflectors. Here there are the additional factors that losses occur
at two surfaces (those to which the transducer is bonded) and that
an increased power density due to the presence of two sound columns
instead of one exists within the interaction medium. Both the

transducer losses and the losses due to'attenuation associated with
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each acoustic wave contribute to heating. Both the refractive index
and acoustic velocity are temperature dependent (Coquin et al 1971)
and together with optical losses these will affect the beam position,
beam shape, efficiency, and deflection angle. It is acknowledged
that the heat sinking arrangment associated with Deflector 1 was
inadequate for the power levels applied. However, the losses were
almost entirely due to the bonding losses and thus in this case bonding
was the predominant problem. Deflector 2 only allowed a limited
power to be abp1ied but here again over three-quarters of the power
was lost at the transducer boundary. These losses could not be
adequately anticipated and, with the silver paste top electrodes, the
arrangement did not lend itself for removing heat from the transducers
back surfaces (i.e. Heynau and Barnard 1971). Although heat sinking
is inevitably an important aspect the primary problem here was to first
generate an acoustic wave with reasonable efficiency. Even for
Deflector 2 less than 20% of the applied electrical power appeared
as acoustic power.

It has been mentioned that the lead molybdate samples appeared
to be twinned. In rétrospect, it would have been advantageous to
briefly polish the surfaces normal to the crystallographic z axis,
as identified from the X-ray laue photograph prior to further cutting.
The materials' quality may then be assessed by viewing the material
between crossed polarizers with monochromatic 1ight (Bonner and
Zydzik 19?6). The anomalies would then have been observable. However,
it is unlikely that this would have altered matters since the
deflectors' design requirements required the author to use as much
of the limited amount of material as there was available.

The transducers were bonded to the lead molybdate in an
arbitary direction in the crystallographic plane, z = 0. Although

the figure of merit, Mp, associated with sound propagating in this
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plane and light polarized in the plane z = 0 is essentially constant
for any orientation the deflection efficiency may be reduced due to
losses incurred for some orientations. For directions in the plane
z = 0 other than those at 29° and 74° from the x axis in the positive
x-y quadrant the particle displacement angle is significant and
losses due to mode conversion will result. It is thus desirable to
propagate the sound in either of the two directions mentioned.
Identification of the x or y axes is difficult to ascertain
merely from X-ray studies however and for future devices orientation
may be accomplished by observing diffraction produced by the Schaefer-
Bergmann method (Spencer et al 1967, Uchida et al 1969) prior to
cutting the faces of the ma;eria1 normal to these directions.
Interference, in the form of cross-coupling, between the two
transducers was observed with Deflector 1. This coupling, however,

was not in evidence with Deflector 2. In the case of Deflector 1

. electrodes for both transducers were deposited onto the lead molybdate

surfaces and were electrically 'live'. For Deflector 2, however, no
electrode deposition was performed on the lead molybdate surfaces
and the transducers ground electrodes were isolated from the inter-
action material by the phenyl salicylate bond. This suggests that
the electrical properties of the lead molybdate may be significant,
although some coup1ing may have been due to external means. It is
desirable that this coupling should be minimized as much as possible
and although screening may be provided to reduce external coupling,
coupling through the interaction medium may prove problematic. The
effect may be reduced, as perhaps has been achieved here, by introducing
a dielectric isolating layer of low permittivity between the trans-
ducers bottom electrodes and the interaction medium surfaces. The
permissable amount of cross-coupling is, to an extent, dependent on

the application for which the device is to be used. If this form
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of interference is intolerable then the bandﬁidths over which the
transducers are to operate must be separated . This interference
was not noticeable with the water cell device mainly because the
transducers operated over two different frequency ranges.

The two-dimensional deflector may be considered.as a .two-port
network. Throughout this work the electrical responsesof the trans-
ducers have been considered as being isolated from each other.

The observed - coupling between each transducer indicates that

" this premise is invalid. The electrical properties may be represented
in any form associated with two-port network theory although for
devices operating above 100 M Hz the S parameter representation would
be most appropriate. The amount of cross-coupling would then be given
by the values of Sy, and S,;. For the devices operating below

100 M Hz equipment suitable for measuring the devices' electrical
properties in this form were not available. Above 100 M Hz, although
equipment existed for this purpose the physical arrangements of

the measuring equipment and the final two-dimensional lead molybdate
deflector were not compatable. It required the inclusion of transmission
1ines between the def]ectors; and instruments' ports and the cancell-
ation of their effects could not be achieved.

Throughout this work the operational bandwidths of the devices
has been limited not by the bandwidth of the acousto-optic interaction
but by either the transducer behaviour or by the methods of tuning.
For both the water cell and Deflector 1 the delay medium to which the
transducer was bonded was disguised by the high acoustic losses of
the epoxy bonding layer. The transducers responded as though they
were bonded to a delay medium of epoxy rather than that of glass or

lead molybdate and this is clearly illustrated by the experimental
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device used to examine the bonds' behaviour in section 8.3.1. The
losses associated with the phenyl salicylate bonds appear to have
been less significant in this respect. Thus for Deflector 2 the
bandwidth was more dependent on the extent to which the transducer
could be tuned to match the source impedance over the operating
frequency range. It is of importance, therefore, to obtain a
transducer impedance close to that of the source impedance by using
series-connected transducer elements to ease the tuning requirements.
Minimising losses incurred by tuning the applied power into the
resistances of the electrodes and connecting wires will also be
achieved.

Further subdivision of the transducers associated with Deflector
2 would have been desirable but as mentioned in section 8.6.2.3. this
was not attempted in view of their delicacy. The planar transducer
array, as discussed in section 3.8.2., permits up to 17 elements
before the interaction bandwidth is limited to an octave frequency
range. Thus further segmentation to eight elements of Deflector 2's
transducers would have improved tuning and matching yet not have
caused a reduction in the operational bandwidths.

The device necessarily needs transducers of large area. Unlike
single-dimensional deflectors where tolerance can be afforded with
the dimensions of the transducers' width this dimension here is
determined by the optical aperture requirements. For the transducers
impedances to match the source impedances for broadband operation
it will be of greater necessity for the transducers to be subdivided
and for the elements to be series-connected for this case than for
the single-dimensional deflector case. The impedance, however, may
not increase in proportion to the square of the number of series-

connected elements as suggested by Alphonse (1975) since this assumes
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that electrical coupling via the interaction medium between the
elements base electrodes is negligible. This type of coupling
between planar electrodes has been considered by Engan (1969).
If the electrical properties of the interaction medium are significant
then the impedance will be modified accordingly and may account for
the difference in the expected and measured impedances of the four
element transducers associated with Deflector 2, as shown in
Fig. 8.6.2.1.1. -.

It has been shown that dispersion of the figure of merit, M,,
and consequently the elasto-optic coefficient, Pyy, with optical wave-
length occurs when diffraction is achieved by sound propagating in
the crystallographic plane z = 0 in lead molybdate. It is estimated
here that the increase in this figure of merit is about the same, or
even slightly greater, than that of the figure of merit, My, involved
with the diffraction produced by a z propagating acoustic wave
(DeBenedictus and Lucero 1974). A measurement, by comparing the
diffraction at different optical wavelengths, was not undertaken since
the peculiarities of the lead molybdate samples would have provided

an erroneous and unreliable result.

9.4, Areas for Further Investigation

A more extensive investigation is required to determine the
electrical behaviour of the device. Knowledge of the electrical
properties of the interaction medium will be required. Electrical
measurements of lead molybdate are thus necessary for a device using
this material. Even when using other materials knowledge of the
permittivity and 1ossltangent will be needed and appropriate transducer
configurations and the use of an isolating intermediate layer

between the transducer and delay medium may then be determined. With
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the electrical properties of the interaction medium determined the
areas worthy of consideration are the coupling between the transducers
base electrodes via the interaction medium to determine the consequent
modification to the transducers electrical response and also to
determine the extent of the cross-coupling between eaéh transducer.
Modifications to the structure of the device may result depending on
the outcome of these considerations. It may prove advantageous to
consider the device primarily as a two port structure as opposed

to two single port networks. The design of the device may then be
determined from the point of view of its electrical behaviour to
minimise cross-coupling effects.

Where transducer bonding and fabrication techniques have been
developed to maturity the paramount problem will be that of thermal
stability. As has already been mentioned in section 6.6., the
thermal behaviour of single-dimensional deflectors has already been
extensively studied by Eschler (1976). Application of the work
presented there to a two-dimensional deflector would thus yield valuable
clues concerning the most favourable geometry of the deflector. He
hag also introduced a dielecfric intermediate material between the
transducer and interaction material to aid in the heat sinking and
to help in isolating the transducer losses from affecting the acousto-
optic diffraction by localised heating. The use of an intermediate
material, with regard to a two-dimensional deflector may also help
in reducing the electrical cross-coupling besides improving heat
dissipation and is an aspect worthy of further investigation.

The geometry of the devices considered in this work were
determined by the desired capacity,_efficiency. and fréquency ranges
together with the availability of the appropriate materials. The latter

consideration made it necessary to place the two transducers in
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close proximity to each other. With regard to thermal considerations
and electrical coupling it may be desirable to use more interaction
medium than required and to place the transducers so that a reasonable
distance exists between each transducer and the 'common edge'. The
optical beam would then have to be positioned a distance away from

the two transducers and the effect of their losses may be reduced.

The device geometry should then be deduced not only from the nature
of the acousto-optic- interaction but also in terms of the conditions
regarding heat dissipation and electrical behaviour to determine the
optimum arrangement.

Improvements in bonding and transducer fabrication are areas
which require continued investigation. Low-loss bonds and accurate
transducer fabrication are aspects which need development to maturity
for any practical device and these become increasingly critical as
higher frequency operation becomes necessary. The transducers'
bandwidth is not only dependent on the effects of electrode and bonding
layer thicknesses, as shown by Sittig (1969) but also on the acoustic
attenuation of the materials, as illustrated in section 8.3. Thus
for devices operating up to 1 G Hz the development of fabricating and
bonding techniques and the search for suitable low loss materials
may still continue. Transducer fabrication and bonding have been
discussed in sectibns 6.2. and 6.4. and gives an account of the level
" to which the subject has reached.

The use of alternative solid materials besides lead molybdate
may also be considered. A1l isotropic materials are potentially
applicable for use as the interaction medium for a device of this nature
operating under normal bragg diffraction conditions. Crystalline
materials must have suitable material parameters in orthogonal

directions however. Classification of materials using the figure'of
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merit MT(X-Y) may be helpful in their selection. Lists of suitable
materials for acousto-optic diffraction may be found in section 5.2.
The device may be extended to include the use of birefringent
materials. A two-dimensional deflector has previously been demonstrated
using a material (Te0z) which exhibits abnormal or anisotropic
diffraction (Uchida and Ohmachi 1970). The extension of thedevice
using materials suitable for operating under this condition has
already been discussed in section 3.9. Apart from paratellurite,
most suitable materials require the use of fairly high operating
frequencies (> 100 M Hz). So long as the material has the appropriate
parameters and the processes involved in producing high frequency
transducers are well established the realisation of a two-dimensional

deflector using materials operating in this mode may be investigated.

9.5. Applications and Device Potential

The lead molybdate Deflector 2 described in this work has
demonstrated a capacity of about 90 x 90 just resolvable spot positions
using a 4 mm optical aperture and operating over a bandwidth, in
each co-ordinate, of 90 M Hz. But for the peculiarities of the lead
molybdate samples and some difficulty in tuning the transducers: to
operate over a larger bandwidth a capacity of about 200 x 200 spot
positions would have been realised using an 8 nm optical aperture.
Using the planar transducer array and with reduced transducer losses
to about 1 - 2 dB a deflection efficiency of 70% in each co-ordinate
would have been possible with the application of 0.7 watts and 1
watt to the transducers associated with the z propagating and x or y
propagating acoustic columns respectively using the He-Cd 441.6 nm

wavelength light.
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The materials' usefulness is limited by'the permissable acoustic
attenuation across the optical aperture of the device (Pinnow 1970,
Coquin et al 1971). For lead molybdate the material is limited to
an upper acoustic frequency of about 500 M Hz. Using the same
geometrical arrangement as for Deflector 2 the maximum capacity that
could be achieved over a fractional bandwidth of 0.79 would be about
400 x 400 just resolvable spot positions. Although two sampies were
cut from the lead molybdate boule it could have been possible to
obtain only a single sample of dimensions 2.4 x 1.2 x 1.2 cm. For
transducer dimensions of 2.2 x 1 x 1 cm a 1 dB increase in the
deflection efficiency would have resulted and the increased optical
aperture would have provided a 2.5us access time. However, the
resolution would be limited to about the same as before due to the
bandwidth being limited by the behaviour of the planar arrays. Thus
it would appear that the potentially realisable resolution using this
material will be limited to around 400 x 400 resolvable spots, using
a transducer length to width ratio of 2 to 1, unless a stepped
transducer array is utilised. The resolution may be increased by
decreasing the length to width ratio of the planar array but only
at a sagrifice to the deflection efficiency._

The obtainable resolution is sufficient for the device to be
applied to numerous applications. Hrbek and Watson (1970) have used
two acousto-optic deflectors to generate a seven by five spot array
simultaneously for producing alpha-numeric characters., The two-
dimensional deflector is aptly suited for this low resolution appli-
cation. Where cascaded systems have been employed in applications
such as holographic data storage systems (i.e. Anderson 1968, Pinnow
and Williamson 1969, LaMacchia 1970) the two-dimensional deflector
has sufficient resolution and speed to directly replace the original

deflection system. Also, interference due to cross-coupling associated
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with the two-dimensional deflector may not be too problematic if

it is below a certain threshold level. However, it is of the utmost
jmportance that thermal stability is maintained in applications of
this nature and this may prove to be one of the two-dimensional
deflectors’ drawbacks. Several memory systems have been proposed in
which a two-dimensional deflector may be wholly, or in part, employed
as the deflection element within the system (Smits and Callaher 1967,
Rajchman 1970, Lohman 1971).

For laser television and facsimile displays the two-dimensional
deflectors resolution may only reach that required for these applications
at the expense of decreased efficiency if planar transducer arrays
are used or by increased fabrication complexity if stepped arrays
are employed. Although such systems have been described (i.e.

Korpel et al 1966, Korpel et al 1969) using single-dimensional
deflectors whose resolutions were within that already mentioned, at
present, single-dimensional deflectors are now available with
resolutions in excess of 1000 and it is unlikely that the two-
dimensional deflector will be able to compete directly, in terms

of capacity and efficiency, with cascaded systems using these
presently available devices. However, it has been shown by Foster et
al (1970) that the capacity of 2 low resolution deflector may be
greatly increased when displaying television type encoded information
by using a travelling wave acoustic lens. It has been shown that an
increase in the resolution of over ten to one can be achieved for one-
dimensional line scan optical systems. Thus the two-dimensional
deflector may still be able to be applied to this application when
incorporated with a travelling acoustic lens, extended to include
deflection in both co-ordinates. The resolution demonstrated by
Deflector 2, as shown in Plate 8.6.2.4.3. shows that a sufficient
capacity can be achieved for the device to be used directly for

oscillographic purposes however.
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The two-dimensional deflector is idea11f suited for use in two
component laser doppler velocimeter systems (Farmer and Hornkohl 1973).
Used as a beam splitter and frequency shifter the device is superior
to that of cascaded systems since all four orders appear to be deflected
from a common origin and alignment problems are 1argeiy eliminated.
Although single frequency operation has been used in previous systems
some capacity may be used if required in future systems where more
complex signal processing techniques are employed.

The device may also be applied to perform single-dimensional
deflection. Using passive optical components the vertical deflection
could be transformed into the horizontal plane so that the resolution
of the horizontally deflected beam would be greatly increased without
adversely affecting the access time. Although this method may prove
complex high resolution can be achieved without sacrificing a high
speed.

An alpha-numeric display, as demonstrated by Uchida and Ohmachi
(1970) using their paratellurite two-dimensional deflector, was
intended to be demonstrated using the deflectors constructed during
this work., The performance 6f Deflector 2 together with the stepped
frequency generators allowed about 32 x 32 just resolvable spot
positions to be displayed as shown in Plate 8.6.2.4.1. and Plate
8.6.2.4.2. It was intended to control the stepped frequency generators
from the departments' FM1600B computer via a fast data transfer unit to
display an array of 5 x 4 characters. However, failure of certain
aspects of the computers' hardware prohibited this exercise to be
conducted although the appropriate software was developed to permit
the device to perform this function. Nevertheless, alpha-numeric’
display applications is a function to which the device may possibly
be applied.

As to whether the two-dimensional deflector presents a viable
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proposit{on to replace cascaded deflector systems in some applications
depends upon the demands of the application. It is unfortunate

that the practical difficulties encountered during this work did not
permit the construction of a device whose performance, with regard to
transducer losses and material quality, was comparable with that which
has been attained elsewhere with single-dimensional deflectors. Only
when this can be achieved can the two deflection systems be adequately
compared and a rational appraisal made. However, from the work
undertaken here the potential of a single device x,y deflector may be
envisaged to an extent. The compactness of the single device may
prove more attractive than a cascaded system in applications where
moderate efficiency. capacity, and speed are required so long as the
deivces' thermal behaviour and electrical {ntérference are not
problematic. For applications that demand high resolution (> 500
spots) and high efficiencies the choice of a cascaded system may still

predominate.
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10. Conclusion

A two-dimensional acousto-optic 1ight deflector using lgad
molybdate as the interaction material has been realised, operating
under normal bragg conditions in each co-ordinate. Although restricted
by fabrication difficulties and material quality the performance
of a device constructed by the author has allowed a resolution of
about 90 x 90 spot positions to be demonstrated, albeit at a low
deflection efficiency, with an access time of about 1 us  in each
dimension. The theoretical analysis has shown that for the single
device deflector the behaviour of the deflected composite order is,
for propertly aligned transducers, the product of two single-dimensional
deflections. |

It has been unfortunate that due to fabrication difficulties
and material quality the devices constructed were unable to be
operated to their full advantage. However, it is hoped that the
potential of such a device may be envisaged from the results of
this present study.

The theoretical work has revealed that composite order
deflection, although a rescattering process, will occur so long as
the conservation of momentum is accomplished between the acoustic
and optical wave vectors and that the propagation directions of the
two acoustic columns are correctly aligned. The experimental devices
have demonstrated that thermal stability may prove problematic in
any practical device and has also uncovered the potential problem
of electrical cross-coupling between each transducer. Modification
to the devices' construction and fabrication and also its electrical
representation may be-required pending further investigation.

It is concluded, however, that the two-dimensional deflector
appears to qualify for its place within the family of acousto-optic

devices and has potential applications where moderate resolution and
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efficiency can be tolerated. Lead molybdate has proved to be a
suitable material for this device. Nevertheless, it appears unlikely
that the device will be able to compete in its own right with cascaded
systems in applications where both high resolution and efficiency

are required.
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Aggendix A

The Elasto-optical Effect

The refractive index, and hence the permittivity, of a
material can be described in terms of the index ellipsiod,

Bij X xj = ] iy =13

where x, are the crystallographic axes and Bij is the imper-

meability tensor. For an undisturbed crystalline material,
_‘I 2
2 gl
which, with respect to the crystallographic axes, is zero for i # J.

When a strain is applied to the material the impermeability

tensor is given by (Nye 1957),

2

Biy = 1/1n45 + Pysk Sk

where S is the induced strain and P is the elasto-optic tensor.

The above may be written in the matrix form,

The index ellipsiod is thus given by

2 2
B)Xd + Byxae ByxSe2B XXy +2BexoX, +2Bg X, Xy = 1

where [g,] - 1ﬁﬁ$ o Fyn o it e BElTS
B, Hn% : : S2
e 1ng | B ol
B, ' S
B5 55
B e A

In the absence of a shear wave Sg» 55 and Sg are equal to zero.

If a Tongitudinal wave is the oniy type of wave present then 51152,
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and S5 are the only strains that may exist.

For a material of the 4/m crystal class, such as PbMoOg, the

relevant elasto-optic coefficients are,

B = By B g 900 R
Mo B g 0 00 g
Bt Bl B 0= 0
0o 0 0 B B O
B, SSesies BE ¥
o LR B

and the static reciprocal permittivities are given by

1n2 . 11?2

i o

1fn§

1fn§

The refractive indices are given by the semi-major and-minor
axes of the central elliptic section when the ellipsiod is intersected
by a plane normal to the light directidn. Consider, for example,
that the 1ight is propagating along the y axis, polarized parallel
to the x axis,and a z propagating strain, 53,.15 also present. The
ellipse is then given by

(02 + By S + (12 + B s =

At optical frequencies & =N*

therefore the ellipse becomes
"12/1-3'1 g "gle;; =1
where  g'-g .6
€ 1is the static permitiviity and

| né is the change in permitivitty due to the acoustic distur-
bance.

Consequently, the permittivity associated with the optical wave is
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and by using the binomial theorem,

2 2
E1+BE1=n°{1—noF1’353+--- 1)

The fractional change in permitivitty is thus given by

BE| = gfsS;

&

Similarly, for a strain wave, Sy, propagating in the x direction,

2
B84 =N By'®y
Ey

In general, when diffraction is produced by a longitudinal strain

wave the fractional change in permitivitty is given by

where the coefficients
depend upon the nature of the material, the direction of propagation,
and polarization direction of the optical beam, and the propagation
direction of the longitudinal acoustic wave.
The actual change in the refractive index is given by

¥

N«AN = (1/n2+PS)

3

or [AN]> ND°PS
2
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AEEendix B

Solution for the Acoustic Stress

Recalling Eq. 4.5.10. the stress at the transducer-delay

medium boundary is given by,
() o B (m) , (m
T (R - j 2 cot 2% Thi-hl T e%ﬁcn?i =0 Eq. B
4 €

Z z

and from Eq. 4.5.15. the stress can be represented in the form,

Ten) = (Gm-1) 2 emn_,, Eq. B.2.
€1

substitution of Eq. B.2. into Eg. B.l. yields,

Sl ST L T Eq. B.3.
where H{l}= G{ll o
le = Hml 60123’
2m)
& (m) (m)
and Vi ® € tan ¥
2 Zm
Eq. B.3. can be further reduced to the form,
U Fpm_ W B ana
Im e | . q. b.&,
' (m) :
where U =e (slm -j xlm)
A Wi =iV
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The solution to Eq. B.4. for H can be given by,

(1)

where U g

it Yim™ ®im

Thus, the stress is therefore given by
hnt = W2 Mo,
E14

T{l
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AQEendix C

Computer Program to Calculate Acoustic Wave

Velocity, Particle Displacement Angle and

Electro-mechanical Coupling Factor

This computer program was written in order to find the bulk
acoustic wave velocity, the angle between the direction of the
particle diSplaceﬁent and acoustic wave normal, and the electro-
mechanical coupling factor for piézo-e]ectric platelets of varying
orientation with respect to the material's crystallegraphic axes
vibrating in the thickness mode. The material coefficients are
placed at the beginning of the program and the results are drawn by
a graph plotter. The program shown here contains coefficients for
1ithium niobate. Although, in general, the program will give
satisfactory results there will, for some materials, be positions
" ‘where more than one set of particle displacement eigenvectors will
satisfy a given set of eigenvalues. Consequently, anomalous results
for the electro-mechanical coupling factor may be given at these
positions. However, these anomalies will be quite evident and the

correct results can easily be ascertained.
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Appendix D

Computer Program to Calculate Transducer

Admittance, Acoustic Phase, and Insertion Loss

This computer program was written in order to find the variation
of the transducer admittance, the difference in phase between the
acoustic wave and the electric drive voltage, and the variation of the
one way insertion loss with respect to the frequency times thickness
product. The insertion loss has been found for a transducer which
Iis simply tuned by a parallel inductor and fed by a source whose

conductance is equal to the maximum value of the transducers' conductance.
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Appendix E

Material Coefficients

The coefficients of the various parameters of the materials

used throught this work are listed below.

Lead Molybdate, PbMoOg

Density® » = 6.95 x10° Kg/m3
Elastic stiffness constants®  x 10° N/m?2
e " 10.92 C33 = 9.17
C12 6.83 Caq = 2.67
Cy3 = 5.28 Ceg = 3-37
Ci6 = 1.36
Refractive indices
[ Ag= 632.8 nm ]u n°=2-385 ne=2-262
( Ae= 441-6 nm ib N,=257 N.=2-378
Elasto-optic constants
(M= 6328 |° Pyy = 0.24 Pag'® . 1033
P]Z = 0.24 é44 = 0.067
Py3 = 0.255 Pgs = -0.01
P]ﬁ = 0.017 PG] = 0.013
P33 = 0.175 P66 = 0.05
( Moz £416nm )° P4 = 0.347 Py = 0.276
Thermal expansion ppm/°C °ot11=10 5 25
€ olyg= 11 oly3=285
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Lithium Niobate, LiNbO5

g a7l
Density o = 4-63 % 10° Kg I m3

e
Elastic stiffness constants at constant electric field x101DN I m2
e e .
c11 =203 C33 =245
e e
C12=53 CI‘.{. '—'6'0
e’ e
C13=7—5 066 =75
e
C‘M:U-g
Piezo-electric constantse C Im?
921. = 3.7 e31 =0.2
922= 25 933 =13
Relative Permittivity at constant strain®
E.qu. Ezz-.t.l. EEB’ 29
Thermal e:~cpans1‘cmf ppm/°C
dc:= 16.7 dc =z 2
Water
<29 3 3
Density”™ o =1 x10” Kg/m
Refractive index® N = 133 velocity® v =15 x10° m/s

' i
figure of merit M, =106 (Ao =632.8nm)
acoustic attenuati-:mh ol, = 2000 dB /cm GHz2

Sheet glass.

Density® o = 25 x103}(gim3

Veloci tyg v =59 10> mis vg =30 <103 mis

Acoustic impedanceg z =1-".-75x105Kg!s m2
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Egoxx Resin

Ve]ocityk v, = 2:6 x 10° mhs Acoustic 1mpedancekzl=286x10 Kg/s.m

l

Aluminium

Densityg p =27 x103 Kgfm3

Velocityg LRy 6-4 x 103 m/ls Vg = 3.05 x 103 m/s

o % 6
Acoustic 1mpedancek z =173 x10 Kg I's m?

G ; 2
Acoustic Attenuation® oi,lz 200dB /cm.GHz

Thermal expansion® of = 24 ppm/°C

Phenyl Salicylate

Melting point} t, = 43 °C
Dens'i'l;‘yj 1.167 x 103 Kglm3

Figures of merit for fused quartzK(abso1ute)

= 783 «x 10-8 mz.s!Kg My =1.3x 10-11 m.szfl(g

1
M, =151 x 16%53/kg M

M

L =406 mbiKg.s

a) Coquin et al (1971)

b) DeBenedictus and Lucero (1974)
c) Bonner and Zydzik (1970)

d) Milek and Neuberger (1972)

e) Warner et al (1967)

f)  Abrahams (1966)

g) CRC Handbook (1973)

h) Pinnow (1970)

Jj)  Obukhovskii (1969)

k) Chang (1976)
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AEEendix F

The r.f. Power Amplifiers

For this work two wideband R.F. power amplifiers were required
to drive the two transducers on the acousto-optic deflectors. The
amplifiers obtained for this purpose were Electronic Navigation
Industries type 400 AP broadband power amplifiers (ENI Product Bulletin)
which could cover a frequency range from 150 K Hz to 300 M Hz.

Their gain was nominally 37 dB and could deliver a linear power
output of more than 3 watts. The input / output impedance of the
amplifiers was 50 o and they could be terminated with an arbitary
load. The power supply requirements for each amplifier was 22 volts
D.C. at 1.3 amps. Consequently, a suitable power supply was built
for each amplifier and the amplifiers, together with the power
supplies, were housed in an appropriate box. A photograph of the two
amplifiers is shown in Plate F1 and the circuit diégram for the power

supplies is shown in Fig. F1.
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Plate.F.l. The r.f. power amplifiers.
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Appendix G

The Stepped Frequency Generators

In order to demonstrate the XY capabilities of the two-
dimensional acousto-optic deflectors and also to demonstrate the
optical resolution that could be obtained by them two stepped
frequency generators were constructed to perform this function.

There are a number of possible circuit arrangements in which this
could be achieved.

For example, for linear optical beam scanning the frequency
source would usually consist of an oscillator whose frequency is
varied by means of a varactor diode (Zenith Bulletin). For stepped-
frequency operation the varactor diode would be controlled, via a
suitable isolating network between the control circuitry and the
oscillatory circuit, by a D-A convertor which is controlled froni
logic circuitry. However, in order to obtain reasonably fast switching
times of, say, less than 500 ns the minimum switching time would
ultimately be limited by the settling time of the D-A convertor and
the response of the isolating network, apart from the fact that the
Q of the oscillator must be low.

Another method of obtaining stepped deflection would be to provide
a number of osci11afors, the number being equal to the total number
of spot positions, each of which would be tuned to a frequency
corresponding to a discreet spot position and suitably isolated from
the other oscillators (J. M. Ley Private Communication). The stepped
frequency variation would be obtained by switching in the appropriate
oscillator. Although fast switching speeds would have been obtained
such a system would be both complex and expensive.

In order to considerably reduce the number of components and
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yet try to keep switching times below 500 ns the arrangement shown

in Fig. Gl was constructed. Only one oscillator is used and although
a colpitts oscillator is shown any other type should be equally
suitable. The oscillator frequency is altered by the diode-capacitor
arrangement across the inductor. Considering the first stage, tran-
sistor T1 is biased so that when the voltage at point A is essentially
zero volts it is conducting. This causes the diode Dy to be forward
biased which essentially connects the capacitor Cy across the inductor.
The oscillator frequency is thus essentially altered by the inclusion
of C1. When the voltage at point A is equal to a logic gate output

in the '1' state the transistor Ty is non-conducting. The diode Dy

is then reverse-biased by R] which must also discharge the capacitor
C1 in an appropriate short time. The oscillator frequency is thus
altered by the effective removal of C1. The 1 Ko resistor in series
with the collector of Ty provides some isolation between the resonant
~ circuit and the collector-base capacitance.

. The circuit that was constructed used five such stages so that
the number of discreet frequency steps was 32. The diodes were
chosen so that their reverse-bias capacitance was small and the
capacitors Cy - Cg5 were air-spaced trimmers. None of the other
components were especially critical. It should be mentioned here
that the oscillator voltage across the inductor should be sufficiently
small otherwise the diodes will rectify for part of the oscillator
cycle. The oscillator output was taken via the resistor R, and the
capacitor C; and this was taken directly to the input of the R.F.
amplifier. In retrospect, a buffer stage between the oscillator and
amplifier would have been appropriate since variations in amplitude

and frequenﬁy of the oscillator were noticed when the cables connecting
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the two were altered. However, the arrangemeﬁt was found to be
reasonably satisfactory for experimental purposes although some
non linearity in spot distribution occurred, as can be seen from
Fig. 8.6.2.4.1. and Fig. 8.6.2.4.2, With this system switching times
of about 200 ns were achieved. By suitably adjusting the values of
the inductor L and the trimmers C,_g and Co the generators could be
operated with a fractional bandwidth of up to about 0.34 with a
centre frequency varying from 25 M Hz to 150 M Hz.

Fig. G.2. shows the logic circuitry which was used to control
the stepped frequency generator which consists of a clock, a
synchronous binary counter and a Phase locked loop for synchronizing
purposes. The power supply circuit used for this equipment 15 shown
-1n Fig. G.3. A photograph of one of the stepped frequency generators

constructed is shown in Plate G.1.
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