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The development of an experimental electronic.and acoustic

em 1s described for viscoelastic lavestigations in the

i
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frequency range 300kc/s to 2000Lc/s..

n

The viscoelastic propexrties of liquids are evaluated fron
measured values of the reflection coefficient when a plane shear
wave is incident normelly on a solid-liguid interface. Because
of the high acoustic losses in isotropic materiales at the
frequencies of present interest it is necessary to use a low loss
crystalline solid as the propagating medium. Theoretical
investigations are carried out <o assess the adeguacy of the
classical elasticity theory in describing microwave acoustic
waves in anisotropic media. The dependence upon crystzllographic
orientation of all the important propagation and excitation properties
for the three acoustic modes is fully determined in crystal
quartz. 4 phenomenological theory, involving a viscositiy tensor,
is developed for the calculation of acoustic attenuation in an
~anisotropic viscoelastic medium. The anisotropic viscosity tensor

f crystal quartz at room temperature is determined from precise

(o]

ttenuation measurements,

The experiﬁental acoustic system employs a single crystal
quartz rod. One end of the quartz is inside an electromagnetic
cavity resonator and it acts as the electiromechanical transducer
operating by non-resonant surface excitation. £ new theory of
surface excitation is developed enabling the design and construciio:
of a novel type of cavity resonztor. The acoustic performance of
the transducer system is determined by the piezoelectiric field
probe technique, developed for this purpose in the course of the

oresent work.



The thesis also gives full description of the clsctronic
system which has been developed. Owing to the high accuracy of
~the experimentai system, it is possible to obtain excellent
measurements of the real part of the mechanical impedance for

liguids of any viscosity.

48 an example of the application of this technique to the
measurenent of the viscoclastic properties on liguids, the
temperature dependence of the limiting high frequency rigidity
rodulus of ceriain aromatic hydrocarbons is determined. To
interpret these measurements a new theory is presented, relating

the shear rigidity to free volume in & liguid.
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CHAPTER 1.
IXTRCDUCTION.

1.1 HISTORICAL.

. The classical theories of elasticity and viscosity classify
deformable substances into the idealised catezories of perfectly
clastic solids or perfecily viscous fluids, according to the manner
in which they respond to the application of stress. Solids are
considered to respond by exhibiting strain which, according to
Hooke's Law is directly’proportibnal to stress. In fluids, as
investigated by Newtoh, the response is viscous flow, wﬁere the

applied sitress is portional to the time rate of strain.

A few experimentally observed deviations from the behaviour
of perfectly viscous liquids led Maxwell (1867) to introduce the
concept of viscoelastic relaxation, characterised by the relaxation
time T. Vhen a viscoelastic liquid is subject to a sudden
application of siress, then for a time shorter than the viscoelastic
relazation time before viscous flow would accur, the liguid shows
the characteristics of a solid. Voigt (1892) later defined the
lossy solid which exhibits an increasing viscous effect as the
time of observation becomes less .than the viscoelastic relaxation

As sufficiently refined measurements were available it was
realised that by assuming a spectrum of relaxation times, the exact
viscous and elastic behaviour of all real liquids and solids
could be adequately described. The relaxztion spectrum is regarded
here as a mathematical construciion, resulting from the desire to
give an easily manipulated mathematical expression for a complicated
functional relationship between the stress and strain fields in a

material body. No given component of the relaxation spectrum.can
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necessarily be identified with a single molecular process.

The rheological properties under consideration are assumed
to be linear so that the superposition principle of stress and
strain applies. In the case of small strains this assumption is
realistic. TFurthermore, by restricting the strain to be small,
linear viscoelasticity avoids the use of more complex mathematics

necessary to deal with finite strain.

Relaxation times vary from many years to picoseconds. As far
as the theory of viscoelasticity is concerned, the difference
between solid and liguid behaviour is attributed to a difference
in the location of the relaxation on the time scale. For glasses
and other solids the main part of the spectrum lies at times much
larger than the time of ordinary labératory experiments, as
manifested for example by the flow of hard rock over geological
times. Ior not very viscous liquids the main part of the

relaxation occurs at times typically less than a nanosecond.

Experiments can be made readily in the laboratory to deasure
relaxation times from 1000 seconds to nanoseconds, over a '
logarithmic range of time of 12 deCades. Using the principle of
time~temperature superposition (e.g. Ferry, 1961), the relaxation
behaviour of some liquid substances can be determined over 25 -
decades. This is a very wide range considering that the logarithmic
time span from the beginning of the formation of the Earth to

1000 seconds is only about 14 decades.

For relaxation times shorter than.a few fractions of a
second, the most convenient method of determining the viscoelastic
properties for small strains is that of subjecting the material
to sinusoidal variations of shear stress and strain, for which

case it is useful to define the relaxation frequency, f, as f*al/?TFCP
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Electromechanical methods are.used for investigations when relaxation
frequencies are less than a few kilocycles per second (Mason, 1958;
Lindon, 1965). The well-established measuring techniques in the
range 10kc/s to llMc/s use resonant piezoelectric transducers, and
the properties of the test liquids are evaluated from their
altering the resonance parameters. In the 5 - IOOMc/% frequency
range viscoelastic measurements are made by measuring the reflection
coefficient when a plane shear wave is reflected at a solid-liquid
interface. A survey of these various techniques is given by

Barlow, Harrison, Richter, Seguin and Lamb (1961) and also by
McSkimin, (1964). H. Seguin (Lamb and Seguin, 1966) constructed

an apparatus working at 3000Mc/s to investigate liquids of

relatively high viscosity.

The development for commercial applications of polymers -in
which viscoelastic relaxation is of practical significance gave
great impetus to theoretical and experimental work in the field
of viscoelasticity (Ferry, 1961). Another practical application

is in connection with lubrication (Barlow and Lamb, 1959).

Since any macroscopic deformation is accompanied by a
complicated mqlecular readjustment, the macroscopically observed
elastic and viscous phenomena arise out of the effects of various
‘long-range and short-range moleculag force fields. Viscoelastic
investigdtioﬁs can then give an iansight into the nature of these
molecular forces leading to a better understanding of the.

fundamentals of the liquid state.

1.2 PRESENT WORK.

Liquids with simple molecules are desirable for the study of
the effects of molecular structure upon relaxation behaviour.

Such liquids, however, tend to have very short relaxation times,



and to study them a measuring system'operating at correspondingly
high frequencies is reguired. These high freguencies are also
necessary to define the respective part of the relaxation spectirum
of all viscoelastic substances. By extending the available
frequency range. it is possible to check the validity of the
"yeduction principle%, based on time-temperature superposition
(Barlow and Lamb, 1959) and widely used in analysing experimental
results. Application of this reduction principle enables universal
curves to be plotted by which the effect of an extension of the

frequency range is simulated by a chénge.of temperature.

The wérk described in this thesis is concerned with the
develbpment and use of an experimental system working at low
microwave frequencies in the range 300Mc/s to 2000lc/s, and capable
of obtaining viscoelastic measurements 6f high precisionvon ligquids
of any viscosity. In the tecanique that has been developed one
end of a cylindrical quartz crystal is placed inside an electro-
magnetic cavity resonator. On exciting the cavity with a pulsed
oscillation &'plane shear wave is generated in the quartz rod by
piegoelectric surface excitation. The viscoelastic properties of
the test liquids are calculated from the measured value of the
reflection coefficient when the plane shear wave is reflected back

towards the cavity by the quartz-liquid interface.

- In contrast to fused quartz which is used exclusively in
reflection coefficient techniques at lower frequencies and whose
absorption of shear waves above about 300Mc/§ becomes prohibitively
high, (anes et al. 1964) the present experimental -system uses an
anisotropic quartz crystal, A new theory of piezoelectric surface
excltation is developed and in thellight of the predictions of this
theory a novel type of cavity resonator could be comstructed. .
Due mainly to this new cavity-~quartz transducer system, the

experimental measurements are of high accuracy.

16
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Theoretical investigations have been carried out to check
‘whether microwave acoustic waves in an anisotropic medium possess
any unusual propérties that can affect the reflection coefficient
measurements. |
The new technique of excitation has been used with great.
success for preclise measurenents of acoustic attenuation in
guartz. TIrom these attenuation data i1t was possible to determine,
for the first time, the anisotropic viscosity teasor of a crystal.
The variztion with temperature of the limiting high frequency
shear elasticlity of liquids has been measured for certain cromatic
hydrocegrbons. The high Trequency stress waves employed in the
present technique enable one to obtain these measurements over a
wide temperature range. 1/Goe has been found to vary linearly with
temperature. This is in contrast to results of previous workers
(Meister et al. 1960 ; ﬁirai, 1958) vno obtained a different law
for the temperature dependence from measurements at lower
frequencies, The new measurements are interpreted by relating

the shear rigidity to free volume in a liquid.

1.3 PRESEHTATION,

This thesis 1is oresented in five parts. Part I consisté of
general introduction and also introductory theory pertinent to
the methematical description of elastic and viscous phenomena in
continuous material media. Part Ii gives the regults of original
theoretical investigations into the generation, propagation and
attenuation of acoustié waves at microwave frequencies. In Part
IIT the experimental system is described in detail. Part IV
consists of the results of viscosity measurements on crystalline

‘quartz and elastic rigidity measurements onsome liquids of
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relatively simple structpre. Part V.comprised of Appendices A - J
gives additional information pertaining to the theory of high-
frequency acoustic waves, to the design of the experimental

system and to viscoelastic measurements.

The results of theoretical calculations and experimental
measurements are generally presented in the form of graphs, in

-order to give the information in a concise form.
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CHAPTER 2.
INTRODUCTORY THEORY FOR THx MACﬁOSCOPIC DESCRIPTION
OF A MATERIAL CONTINUUM.

2.1 THE INFINITE ANISOTROPIC CONTINUUM.

In recent years the opinion has been expreéssed in various
articles (Zubov and Firsova, 1956; Laval, 1957; Joel et al. 1958,
1960; Jaffe and Smith, 1961; Mindlin and Tiersten, 1962) that the
"classical theory of elasticity" cannot account for some of the
" observed properties of elastic waves at very high frequencies.
There is also some contrgversy about the significance of the
antisymmetric part of the stress tensor. In Section 3,3 of this
thesis an attempt is maae to décide the relevance of the "modern
theories of elasticity" to microwave acoustics by testing some of
their novel predictions., In this chaﬁter the basic concepts of
an elastic continuum.are defined and the implicit assumpiions
reexamined, as they apply to the remainder of this thesis. The.
approach is counsidered unconventional. DParts of the material
presented in this chapter are based on a set of duplicated notes
for a postgraduate lecture Series entitled '"Modern Physical
Acoustics" (Richter, 1962). The treatment will include the couple-
stress, first proposed by fhe Cosserat Brothers (1909) and further
developed by Toupin (1962, 1964) and Mindlin (1962) whose general

lines of thought will be followed in this connection.

A s0l1id or liquid medium is an aggregate of microscopic
particles in dynamic equilibrium with each other. All the properties
of such a medium ultimately depend upon the forces and movements
relative to.the constituent particiés. In dealing with lafge
scale motions, however, one can usually disregard the fine
microscopic structiure and take the medium as if it were an infinitely

smooth continuum. The properties of the continuum are then
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described by scalar, vector and higher rank tensor fields as
functions of the time t and of the space coordinates in a reference
frqme xi. (A short summary of those lesser known properties of
tensors which play an important role in this and the following

chapters is given in Appendix A.)

The macroscopic pfoPerties are'averages of the micréscopic
values, the averages being evaluated over volumes of matter large
enough to contain many particles, but negligibly small compared
with all macroscopically significant dimensions. Although certain
microscopic motions and forces are lost during the averaging process,
they still contribute to macroscopically measured properties '
(e.g. internal energy, dielectric polarisation, etc.) That part
of the internai energy that does not depend explicitly on
macroscopic variables is defined as heat energy, and hence a link

is established between continuum mechanics and thermodynamics.

The medium is assumed crystalline, isotropy being a special
case. Iits crystalline symmetry can be mathematically specified,
differently from the usual practice of crystallographers, by giving
the matrices of a group of linsear operators, such that each
operator is an identity operator due to the crystalline symmetry
(Smith et al. 1963), This operator is useful in the practical
calculation of the components of a tensor with a given crystallo-
graphic symmetry. The symmetry operatofs of the crystal class to

which quartz belongs are listed in Appendix B.

All macroscopic movements in the continuous medium are
described by the displacement field ui(xi,t) whers Xj is the
position of the material particle at a reference time to. The
infinitesimally small strain is defined as

1 (auk -aul)

| T el e — 2.1
SKI .2 azi axk
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The requirement ofintegrabiliﬁy imposed on the displacement
gradients of Equation 2.1 gives the following compatibility
condition (Prager, 1961, p.72)

) o oy,
=0 2.2

mik® nkj*® o dx, 9
nkj xi xJ x,

where eijk’ the alternating tensor, is defined in Appendix A.

As in the rest of this work, the indices i %o n can take the value

of 1, 2 or 3 and summation over repeated indices is understood.

Another form of the compatibility condition can be obtained by

defining the axial vector of local rotation as

au; au .
ﬁ. = 1 €, (-:E - -;L) 2.3
i 2 ikl axl axk

A
(the time derivative of Ri is the angular velocity of local

s
rotation,tui) and the tensor of local.distortion as

A _ aRi :
xij T ex, 2.4
' J
when
.9 A A .
€imj E: le— 0, xii= 0 2.5
Therefore by‘Equation 2.5 the compatibility conditions require
that the trace of the local distortion temsor be zero, when
A AD '

' Explicit forms of the tensors of strain, rotation and distortion

are shown in Appendix C.

2.2 DYNAMICS,

Macroscopically there are two types of forces and couples

acting on a small volume or mass element of the continuum;
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a) Body forces and couples which are functions of position,
and are proportional to the mass of the element. Microscopically,
they are long-range interactions, arising as some distant action

from within or outside the body.

b) Surface forces and couples. These are not assignable
as functions of position, but are to be imagined as gcting upon
boundary surfaces in such a way as to be equivalent to the loading
exerted by one portion of the material upon another. WMicroscopically
they are caused by very short range interactions between adjacent

microscopic elementse.

The body forces and couples are described by vector fields. The
surface forces and couples are described by mechanical stress
tensor fields. In what follows it is assumed that no body forces
or couples are present. Their inclusion in the treatment is of
no. practical value in connection with the present work.

Considering the elementary cube dxldxzdx the surface forces

2
per unit area acting on the sides of the cube3defiﬁe the components
of the ordinary stress tensor Tij' ‘The first index specifies the
direction of the force and the second index shows the direction of
the normal to the plane on which the force acts. The components

of Tij transform as those of a tensor of rank two.

When considering the equilibrium of a macroscopic body,; not
only forces, buf’also couples have to be taken into account. These
@ouples cause the curved distortion of the unit cell and were first
introduced into the theory .of elasticity by the Cosserats (1909).
Couple being the product of length and force is defined as

l i
¢y =i(xiFj - ij1>_ - Cyy 2.7
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It is an antisymmetric tensor of rank two. In three dimensions
- such a tensor has 3 independent components, therefore it can be
associated with a dual "axial' vector that has the same 3.
components (Appendix A). It is necessary to distinguish between
ordinary or polar, and aiial vectors becauée their transformation
properties are different when the coordinate transformation
involves the inversion of one or all 3 of the axes, a situation
often encountered when examining fhe symmetry of tensors in a

crystalline medium,

Since couple is already a tensor of rank two, the couple
stress Gijk is a polar tensor of rank 3. The fact that the _
various couples on the sides of the cube are the components of a
.tensor can be proved by considering the equilibrium of a
tetrahedron in an entirely analogous wéy as the tensorial
character of the force stress 1s proved. The antisymmetry of the
first two indices of Gijk restricts the number of independent
components from the general 2T to 9. The?efore the association
df'Gijk with a (neit@er symmetric, ngr antisymmetric) éxial
tensor of rank 2 with 9 components, le, is justified. Further
.details on the symmetry properties are found in Appendix A.’

Considering a part of a material bounded by a stationary
surface S, the forces and couples exerted on it by the contact

loads are:

’ [-)
(Total force)i = éTij dnj = f;{;(TiJ) av 2.8
Total le). .= T, . = 2
(Total coup e):LJ f(xlTal-rGlJl)dnl j(axl(xile*Gijl)dv 2.9

The extreme right hand side of the above expressions have
been obtained by the application of the Green-Gauss divergence
theorems. The integrand of the volume integrals can be regarded
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as effective body force Fi or couple Gij per uniﬁ.volume. If in
Boquation 2.8 the stress tensor is decomposed into symmeiric and
antisymmetric parts (c.f. Appendix A) and the antisymmetric part
ng is describéd by its dual %i according to the associating
equation A.15, the effective force per unit volume is

4 - -—?— =1 —a-—- S ‘ 2
Pi axj Tij axj Tij +icgrli 4 v _ 2.10

The tensors of rank three occurring in Equation 2.9 can be

substituted by their axial duals. These duals decompose into

two paris (Equation'A.la), a spherical part-%‘tr-a- Jij and a

deviatoricpart 8?j. Tﬁe effective couple per unit volume is then
S

a7
A _ A l A e} /\D . kl . _:_L_ A
Gi- —ti,+ grédi 3 fr G + 5%, .Gil + eijk;j [:;;;— + 5 curlk t] 2.11

2.3 BALANCE OF MOMENTA,

The most successful unifying approach of electromagnetic and
elastic field theories is to express quantities of physical interest

in & balance equation, either of integral or differential form:

) . : |

= j AaV = - [¢A as + |Zav, 2.12
v & 7 : . '

o4 . ' ,

-5? = = div ¢A + ZA ; 2.13

with the following meaning. In a stationary volume V enclosed

by surface S any change in the quantity ‘/Adv is Causéd either by
a flux of A,:ﬁﬁA dS or by a source of A, féi dV. Since mass has
no source, the conservation of mass can be expressed as

g - 2 :
5t =~ div g Vy=- 3;; (gvi) 2.14
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‘ ou,

where v, is the particle velocity, --3%1'-- With the help of Equation
2.14 and the differentiation rule for products, the material time

derivative is defined as

-d—A—'- = oAl BA' axj = _© A g o 1 »
S35 T %t 8ox; 5% el ®) "ol Ay 2.15

wvhere A' is referred to unit masse.

The change of lin'ear momenium gvi inside a statAionary
surface enclosing part of a material body is due either to
convection of momentum by moving mass across the surface or to

the acdelerating action of forces. In differential form this

balance eguation is given by

o o9vy
ot

3 .
= - -5-3-{—3 (gvivj) + Fy 2.16

With the definition of the material time derivative, Equation 2.16°

yields the familiar form of Newton's law of motion:

‘ dvi ‘
8w = Iy - 2.17

The force is given by Equation 2.10,'s‘o the equatiori of motion in

the continuum follows as

dv : :
i _ ° _ 9 8 ! A
S T3 3% Tij 3% Tij +icur1i t 2.18

The angular momentum deusity of the reference volume consists
. A
of intrinsic angular momentum per unit mass L'Ii- and angular momentum
(= cross-product of x and ¥) owing to the

.density € 15%%5 Vic
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rotation of the volume as a whole. Any change in the angular
momentum of a material volume element is due to the action of

couples, so the balance equation of angular momentum, obtained

similarly to Equation 2,18 1s given as

d A 8 A
§ax (i + €%y = £ (€5 537%3Ta *+ Gi1) | 2,19

Taking the first moment of Equation 2.18 about an arbitrary

origin gives

dv o7

k _ k
3€i4%5 T3 = Cipdy 5%,
3 , %, '
S (€5 %5 Te1) — €1 5%, Tiea 2.20

Subtracting Equation 2.20 from Equation 2.19, and using the
definition for the dudl of the anbtisymmetric stress (Equation A4.15)

yields the balance of intrinsic angular momentum:

att, G

: 3G,

i - il 4

333 EE S 2.21

Let the continuum be divided into elementary rigid cubes of
side 1. The intrinsic angular momentum per unit volume is the sum
of the inertias of the constituent elementary cubes in a unit '

volume multiplied by a conveniently chosen mean angular velocity:

(AN [.3.15\A 1 24
gmi_ (13)(1 g-g-)wi-—ggl ooi 2.22

It can be seen that the intrinsic angular moéomentum is dependent
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on a characteristic length 1 associated with the size of that

part of the medium rotating together as a rigid body. Since 1l.1is
about molecular size, it is much smaller than a characteristic
length (wavelength) of a practical wave motion so the intrinsic
angular momentum is negligible, compared with the angular

momentum due to local rotation.

. , :
VWhen Mi = 0, Bquation 2.21 gives

A oG,

- il
Ry 2.23

1

and the linear momentum equation can be rewritten as
dv,
i = 8 .8 5 & 4

S 33 ox; 13 *1% 45k ox; ox; Kl 2.24

The first term in Equation 2.24 has the generalised div operator
acting on the symmetric stress tenéor, The second term contains
the curl operator acting on the gradients of the deviatoric couple
stress. (The trace of G does not contribute to the force since the
operator curl grad is identically zero). In the classical theoxry
of elasticity this second term does not appears The double
differential operator might suggest that the effect of the couple

stress can be more noticeable with waves of high frequencies.

2,4 ENERGY BALANCE.

fultiplying the balance equatlon of linear momentum (uquatlon

2, 24) by v,, the balance of Kinetic energy is obtained:

dvy
(V30— = & (2o v°
3% = 5 &9v)

e 2 oS LIy =
Vi ox % Tig ™ L i€k %5 ax G 2.25
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The total energy is conserved: any change in the total energy
is due to a flow of energy JE across the boundaries (B = energy

per unit mass):

aE _ o B ,

‘The total energy. per unit mass consists of kinetic energy, potential.
energy of long-range forces and internal energy. (This statement

can serve as the definition of internal energy ).
E=K+P+1U : 2.27

where all the energies are referred to unit mass. The efflux of
energy JE, (efflux, rather than influx, since the surface normal
.pointing Sutwards from the control surface is defined as positive)
consists of work done on the boundaries of the system by external

forces and couples, and also of heat flow:

E _ )
Jj =Ty Vg = G + 7 2.28
(With the previous definitions of Ty Vi 'éij and @, positive

work requires ‘the negative sign).

The balance of internal ehergy is found, in the absence of

ldng—range forces, as
U | o8 _ & .02y o ‘
ST T %m - g @) 2.29

therefore, by Equations 2.25, 2.26, 2.28 and 2.29

A
au g oV, AD 2Wi .. Q
$Fr = Tyt t Gli)j 5= - div g 2.30
J o
o QW o oS 25 LD 24D aiv g 1
S$at T Tijax Sij * Gyax Xyy - div 2.3L1
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where Sij is symmetric strain and %?j is the deviatoric part of the
locel distortion tensor (Bquation 2.5). 1In polarisable media the

o
term Ei <+ D. also occurs in Eguation 2.31 with Ei and Di as the

ot 7i .
electric field strengvh and flux density vectors, respectively.

The above expression for the internal energy does not contain
antisymmetric siresses. In the usual derivation o e internal energy
expression, when the couple-stresses are not taken into consideration,
the siress and the displacement gradients contain both symmetric
and antisymmeiric parts. The antisymmetric part of the (rank 3)
couple-siress does not occur in the internal energy expression
because it is multiplied by the antisymmetric part of the (rank 3)
local distortion tensor, which is zero as a consequence of the

compatibility condition Equation 2.5.

The simuitaneous'presence of stresses and strains iﬁ ammaterial
medium is the cause of both recoverable and dissipated internal
energy. The recoverable internal energy is available to do
mechanical work, while the dissipated energy is converted. into

heat (Q) irreversibly.

It is proposed to regard the strain as consisting of iwo
(additive) parts:
2.32

these parts being defined by the Tequirement that the prqduct'of

the stress and the recoverable strain gives the stored energy

and the product of the stress and the dissipative strain gives the
dissipated energy. The current literature of irreversible
thermodynamics sometimes divides the stress (but not the strain)
into the above two parts (deGroot and Mazur, 1962). Both represeﬁt—
ations are permissible. The now proposed division of the strain

will give more convenient forms when the relaxational properties of
liquids are examined.
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The concept of entropy is introduced so that the rate of

heat input Q,--divJQ could be written as a total differential:
Q- awvi®= peds 2.33

where T is the temperature and s is the entropy per unit mass.

Combining Equations 2.31, 2.32 and 2.33 gives the internal energy

as

_ wS 2 " AD & D ds :
Sat = Tijat RSy * G];j ot F°i3 t8T @ 2.34

or, in differential form

s
gau = 17,48, GIi)Jde‘. + gTds 2.35
The ensropy is given as
ds - 1 o5 2 14D 2 ~p 1 .. -Q
$3x -7 TiyeE oSt Gli)j 5% p%ig T T 1V g 2.36

Equation 2.36 can be given in a slightly different form by appli-
cation of the rule of the differentiation of a product

Q

3
ds _ 1 o5 & LD e 2D 2.1 ;@ .
STt = T Tij at,DSijfTG];j 2t Dy T WV T~z I et 23T

The balance equation of the entropy takes the following form
(deGroot and Magzur, 1962):

ds . 8 ‘
= = ~div J .
St I,z 2.38

where

J° entropy flow
Z entropy production (per unit mass and unit time).

Comparing Equations 2.37 and 2.38 it is found that



ne T 2,39
qa T
1 ) : JQ'
S 1 AD & AD
. = = - L 9. _ g ‘
T T13 ot Dle + 7 GlJ 5% Dxij T2 gradq? o 2,40

The product of entropy production and temperature has the
dimension of power, therefore it is convenient to define the

dissipation function A as

A==7 = 'I‘iSJ. = DSy * 81133 < D?c?j - Jgﬂai%‘f-g 2,41
According to Equations 2.40>or.2.41 irreversible entropy production
occurs, or power is dissipated because of the presence of
dissipative strain rates, dissipative digtortion rates or because

of heat flow across a temperature gradient. \The second_law of
thermodynamics states that the entropy production (and hence the

dissipation function) is always positive.

2.5 LINEAR CONSTITUTIVE RELATIONS.

Both the intérnal energy (Bquation 2.35) and the dissipation
function (Equation 2.41) are the sum of terms involving two.
variables. - One of these variables can be regarded as the v
independent variable. Then the other variahle is the response of
the material medium, and the internal energy can pe expressed with

the help of the independent varigbles as
U = f(x, t, Vl, LN n, S) 2042

where s is the entropy and V) see V aTe (reversible) mechanical,
electromegnetic, chemical, etc. independent variables. Any

small change in the thermodynamic state is given'by the pértial

derivative
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_{au ol 2

Comparing Equations 2.35 and 2.43, the dependent variables are

found as: (T temperature)

au

2 2u _
sv. T~ T s T 2,44

The material response function, (for the generalities c¢.f.
Truesdell, 1960, pp. 700) inherent in Equation 2,42 is expressed
by the sum of partial derivatives for small changes from equilibrium

conditions as

A _ oTn
T™w = \av. Vi ' 245
m’/o

which can be regarded as the linear terms with constant coefficients
of a Taylor series expansion of the general function, valid for
small deviations Th and v from equilibrium. (The subscfipt_o

is indicating that the differential is to be evaluated at

equilibrium.) The constant coefficients in Equation '2.45

T 22y
av_ = av v 2446
m’o m’ 'n o _

are parameters of the medium.

A functional relationship, characteristic to the material
medium, also exists between the dependent and independent variables
occuring in the dissipation function (Equation 2.41). It is usually
sufficient to take this relationship as 1inea;, and therefore astablish a
second set of linear constitutive.equations whose constant
coefficients are'the dissipative parameters of the medium in

question (de@root and Mazur, 1962; Eringen, 1962).
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The two sets of linear constitutive equations of a general
medium involve all possible mechanical, thermal, electromagnetic
and chemical variables. In most cases of practical interest it
is permissible to consider speclal classes of materials in which

only one or two of these varigbles are operating.

2.6 LINDAR VISCOELASTIC RESPOHST.

The variables that will be considered important for this
medium are siress, strain, temperature and entropy. The sitrain
iz assumed to have both Tecoverable and diesipative parts,
according to IEquation 2.32. The recoverable strain is involved
vith the siress, the entropy and the temperature in a set of
linear constitutive relations of the type of Equation 2.45, which,
after rearrvangement, has the form of

ot o
RSi5 =051 Ter * Py T

5. = ~(3..Tij + t;T

2.47
1J

" All the coefficient fensors are symmetric, since they have been
drived from the internsl energy by double partial differentiation,

as indicated by ZEquation 2,46,

The dissipative strain rate plays a role in the dissipative

L

constitutive relations:
-1
2515 = Mig1 Tkl

In equation 2.48 the cross-—coupling between the temperature
Fal S oL

gradient and the stress is deemed negligible in general. If it :

existed, the coefficient of coupling had the same symmetry as the
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piczoelectric coefficient, and would therefore certainly be
zero Tor isotropic media. The coefficient tensors are again
symmetric as a consequehce of the'fact.that each term in the
dissgipation function ie positive, no matter in what coordinate

system the Varlzoleg are defined,

Differentiating the first equation of 2.47 with respect 1o

time and adding to the first equation of 2,48 yields:

3 . _ -1 8 ' a7

ot 515 © (o Cijk1 9% T nljﬁl) Ty (Bij ot
s = =Py Ty o+ §t N | 2449
Jq = _Aqk grad, T

These equations are found to describe the properties of relaxing
viscoelastic substances, For the case of isotropy, Curie's Law
(Curie, 1908; deGroot and Mazur, 1962) states that there is no
coupling between quantities of differing tensorial character

in the linear oonstltutlve eu1at10ns. After decomposing the
symmetric stress and strain tensors into scalar and deviatoric
arts (Zquations A.10 and A.13) Equation 2.49 has the following

specific form in case of isotropy:

-9 1 — .
tr’'S.. = K= tr T, . S tr T,. + o
‘ r i3 3 r TlJ + nv 3 T TlJ + T
s =—ldtrT,_,+C%
g ij o
2,50
Jq = —Agrad_ T
¢D _ 1 5D _1.D
515 ¢ Tij Ty Ty
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where
K isothermal compressibility
nv effective volume viscosity
G Tigidity modulus (Twice the value of the tensor component)
L] effective shear viscosity (Twice the value of the tensor
component)
ol coefficient of vélume expansion
c specific heat (at constant stress)
py heat conductivity

The deviatoric parts of the stress and strain completely
separate from scalar parts and from the thermal parameters. These

deviatoric parts are more convenlently expressed as

o
o

D g ol a8, |
ij ¥ G et = n‘at' . - 25l

where 1]/G==T defines the stress relaxation time. The propagation
of shear waves only involves the deviatoric parts of the stress
and strain temnsors, and for simplicity Equation 2.51 will be
written as 3
T AT T = )= 3 2.52
T35 ot 2
It has to be emphasiéed that all the above relatioﬁships represent

a firsi-order approximation, and therefore are valid onlytfor

infinitesimally small amplitudes.

Considering sinusoidal time variation the following stress— -

strain relationship is given by Equation 2.52

1—d¥_ 5 = o9

T 1l + jwT ' 1 + jwT v : 2.53
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Vhen for the frequency used in an experiment U<K$},

T=1Njws - 2.54

On the other hand, when u))?:%r

T=g¢38 2,55

Bquations 2.54 and 2.55 describe viscous and elastic behaviourb,
réespectively, Haterials exhibiting such viscoelastic behaviour
were first examined by Maxwell (1867). He proposed the idea that
if the shape of a volume of gas or liguid were instantaneously
changed, this change would'be_opposgd by elastic forces. However,
in a length of time, characterised by T the molecules will
rearrange to relieve the stresses. The molecular flow consists
of jumps of individual moleculeé from eguilibrium position to
equilibrium position, aided by thermal agitation. The time %eriod
between successive jumps depends on the probability of the
‘molecule attaining sufficient thermal energy (activation energy)
to overcome its'potential barrier. Hence the relaxation time in
a volume element. small enough to contain 6nly the immediate
environment of the molecuie in question is given by a probability
function. A macroscopic volume element contains a large number
of Maxwell-elements, and upon the application of the change of
shape the resultant macroscopic stress is the sum of all |

microscopic stresses:

T Z. le+3w7'v '8 2.56

When the number of the individual Maxwell-elements is very

large the summation approaches an integral
@

« r
P o= fg(‘f) '1"3.“5‘51‘: dT .S 2.57

o
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where g(T) AT is the contribution to the rigidity by those

Maxwell-eclements whose relaxation times lie between T and T+ 4T .

At freguencies higher than the frequency corresponding

to the shoritest relaxaﬁion times 1+jwT & jwT, and hence

Goo =fg(’r) ar , ' ‘ 2.58
o.
"The frequency-dependent complex rigidity can now be given as
® .
JwT ‘
¢ = G alT) T 507 47 . 2.59

/] .
where q(T) is the normalised distribution of relaxation times:

©

Jq("') aT= 1 _ . 2,60

0 .
It is customary to express the frequency dependent real and

imaginary parts of the complex rigidiiy modulus as

G =G+ jG" = G' + jw'l‘)dyn : 2.61

G' and ndyn are Qynamic rigidity and dxnamic viscosity, respectively.
Liquids exhibit Newtonian viscosity at frequencies much
lower than the one corresponding to the longest relaxation time,

wheﬁ © - @©
¢ = g(T) wTarT = jw [ N(T) aT =" jwn_ - 2,62

0
where N, is the steady-flow shear viscosity.

A lossy solid 'has a spectrum with relaxation times both
longer and shorter than the characteristic time of the experiment.

Sucn

3]

fictitious spectrum (say, at room temperature) is shown

in Fig. 2.la, where in a frequency range'—j'_-_'cw < % around
: A ‘ ¢
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the frequency of measurements the distribution density of tae
relaexation times' is negligibly small. The complex rigidity of

this material can be obtained apnroximately as

te
1o 'T o ’T ’T .
¢ = 1 + ij 2.63
o
aen ”7l>> 1 and wf K1, uquatlon 2.63 is simplified as-
T - ®
=(@('t) 4T+ J‘wfg('f) TaT =G, + jwy 2.64
) T ' ‘

In the frequency range that has been considered above
both Go and no are constants independent of the frequency. For
frequencies covering the whole of the relaxation spectrum the

dynamic rigidities and viscosities are shown in Fig. 2.1%b.

2.7 FREQUENCY-TEV.PERATURE SUPERPOSITION.

The material consténts apbearing in the constitutive relations,
obtained for infinitesimally small deviations from equilibrium, are
functions of the equilibrium conditions (c.f. Bquation 2.45).

In connection ﬁith this thesis, the most important macroscopic

variable on which the material coefficients dépend is the temperéture._
All liquids investigated seem to obey the principle of frequency- l
temperature superposition (Equation 2.67) (Ferry, 1961; Barlow, 1959),

based on the following two postulates:

a) The temperature varlatlon of the relaxation times is the

same for all the relaxation components of the spectrum:
7‘ .
(T),_. = d(T) . . 2065

b) The temperature dependence of the limiting high frequency

modulus is the same for all the relaxation components of the spectrum:



Lo
a(m)
E%FFBJ = [S(T) | - 2.66

TR refers to.a selected reference temperature. Substitution of

Equations 2.65 and 2.66 into Hguation 2.59 gives
Gp = {3 GTR. (aw) 2,67

Hence varying the temperature has the same effect (through o )
on the complex rigidty modulus as varying the frequency. In the.

limiting cases of very low frequencies:

Ty
L
"

= o((L ' ' : , 2.68

and for very high frequencies

'g's' = (5 | | 2,69
R

Therefore measurements of static viscosity as a function of

3

temperature gives the value of«G. Measurement of the limiting
rigidity modulus at very high frequenpies as a function of.

temperature gives the value of'P.

By the application of the time-temperature superposition
principle it is possible to cover the very large frequency (or
time) range of 1024:1, when both the frequency and the temperature

is varied in a series of measurements.



" PART II.-

THEORETICAL INVESTIGATIONS INTO SOME ASPECTS OF PROPAGATION

AND EXCITATION OF ACOUSTIC WAVES AT MICROWAVE FRAEQUENCIES,

a4



CHAPTER 3. h2

SPECTIAL FEATURES OF HIGH FREQUSNCY ACOUSTIC WAVES,

3.1 ACOUSTIC PLANE WAVES,

The basic equation of motion is the balance of linear
momentum, given in Equation 2.18. When the second order effeot
of variation in density with time is neglected for small amplitude

disturbances, this balance equation can be given as

2
3 u, al. .

5 = —=i 3.1
at axj

With the help of the constitutive relations, connecting the
stress to strain and other variables, the stress can be eliminated
in Equation 3.1, giving a wave equation for the displacement
vector . The term ultrasonic waves will refer fo longitudinal
(compressional) vibrations, while the term acoustic waves will

cover both longitudinal and transverse vibrations.

The constitutive relations (Equation'2.45) involve elastic,
‘thermal and electromagnetic variables. Therefore the acoustic
waves are coupled to electromagnetié‘and thermal waves through the
piezoelectric constant and the thermal expansion coefficient. In
order tc .avoid undue complications, the &arious coupling effects
are examined separately. The actual coupling is found to be small
in cases of practical interest. The piegzoelectric coupling is non-
"~ dispersive and can be taken into account by a slight modification
in the values of the elastic constants. Thermal coupling is
dispersive, but it involves only the longitudinal mode. The ‘
presence of couple streésses could make the acoustic shear modes

dispersive.

At microwave frequencies the wavelength of acoustic waves is

- of the order of microns. In practical applications the transverse
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dimensions of an acoustic beam are at least a few millimetres, i.e.
more ‘than a thousand wavelengths. In these situations waveguidé
effects are pegligible, and it is permissible to consider the
acoustic waves as uniform plane waves. The propagation of these
waves in a loss~free anisotropic medium was first investigatéd by
Christoffel (1877) and further studies have been made by Musgrave
(1954, 1956, 1959, 1961).'Certain details connected with the

propagation and reflection of these waves are considered in Appendix G.

3.2 ACOUSPIC WAVES IN ANISOTROPIC LOSSY MEDIA.

Christoffel's solution is generalised for a lossy medium
(Lamb and Richter, 1966b) by assuming a complex elastic stiffness
coefficient (c.f. Equation 2.64):

lia = Gy t MMiga 3.2
The admissible coefficients of the cijkl and qijkl tensors are
defined by the crystalline symmetry of the medium. The stress-
strain relationship at a given frequency of sinusoidal small amplitude

strain variations is given by
S
Tig = T3 = °ija Sa | 3.3

when the only variables that are considered at the moment are the
symnetrical stress and strain. Substituting Equation 3.3 for Tij
in Equation 3.1, and taking inito account the symmetry of the pijkl’

" . _‘. 3 k3 .
7ijkl’ 'I'ij and Sij tensors, one obtains the following wave quatlon.

.
2 . 2 2uy
mWgy = {og g T IV ) ox o%; - 3+4

A wave solution is assumed in the form of

- jwt = k*r)
u, = u, e 3.5

where k*= k-Jj! is the complex wave propagation constant and r is the
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coordinate along the normal, n;s to the wavefront. The displacement

'gradients are found as:

r
auk auk . d

= = k* . '
5%, 5T 53, jk*u, cos ( Xj) 3.6

Substitution of Equation 3.6 into the wave equation 3.4 yields

2 _ * “ 2 -
wiuy = Py (097w 3.7

where ' .
Fie = (egg + 3350 ) 008 0y xj)ecos (nexy) 3.8

are the complex Christoffel coefficients.

A scalar wave equation for the modulus of the displacement
U is obtained by multiplying both sides of Equation 3.7 by d;, the

complex conjugate of the direction cosines of the displacement

<3

2 ' :
Wieu = z@)®u 3.9
_with
+ * _ * + .
«; iy = E%q 3.10
and .
E* = ¢+ 3D - | 3,11

. + .
A non-zero solution forcxi from the set of homogeneous linear

equations 3.10 exists if the determinant formed by the coefficients

vanishes: ' ' * * *
My - B° T, B S
* * * * _ .
1‘1? 1‘32—E | l"32 =0 3.12

Solving the-determinant gives a cubic for E*. Thus for any selected
direction of propagation there are three values for E* giving three

‘effective elastic constants C with three corresponding dissipation



k5

w
constants D. These determine the velocity of pr0pagation»Q§r) and

the attenuation («.) for the mode in question, since from Eguation 3.9

2
ko )2 = W8 o
(- J*)° = 5755 3.13
and hence ' :
2 2 '
kz_«2=_.2_‘.“..ﬂ. : szk:.-&’_ﬁz_ ‘ 3.14

C™ + D2 . 02 + D2
The dissipation constant D can be rewritten as

D = wi] ' 3.15

where W is the effective viscosity for the selected mode and direction.

The complex conjugates of the direction-cosinés-of the particle
displacement are given by the normalised cofactiors of any line or.
column in the determinant of Zguation 3.12 after substi%uting the
appropriate value of E* for the mode in question. Since the
direction cosines are complex, the displacements, in general, are
elliptically polarised. The axes of these ellipses are mutually

orthogonal.

Two special cases merit further investigation:

a2) In the case of small. dissipation (Dzétcz) BEquation 3,13 gives

A 2
oA = 2 37 , 3.17
2?v :

_ e e
which is given by the same expression as the velocity in a non-
dissipative medium. A vector parallel to the direction coéinesexﬁ

(now .approximately real) is given for a particular mode ! by the

cofactors of any line or column in the determinant of Equation 3.12
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containing only the real parts of the Christoffel coefficisnts.

The three linearly polarised displacenments are mutuzlly perpendicular
t0 each other. In general none of the displacements of the triad
coincides with, or is perpendicular to, the direction of pfopagation.
The mode with displacement nearest to the direction of propagation
is the longitudinal mode (L modé), the other two are shear modes,

distinguished by their phase velocities as fast shear mode (FS mode)

and slow shear mode (SS mode).

Since, for small dissipation, Equation 3.10 is independently
satisfied by the real and imaginary parts, multiplying the
imaginary parts by xﬁ and summing gives the following exzpression
for the effective viscosity: '

M M

N = o, os (n, Xj)’ cos (n, %)  3.19

i %x Migr ©
(There is no summing over the index M)

In the knowledge of the complete métrices of the stiffness
and viscosity constants the velocity of propagationvand the
attenuation of a given mode can be calculated for a selected
propagation direction. ' The anisotropic viscosity coefficients
of a crystal haﬁe been determined for the first time in the present
work (see Chapter 10) and have been described in a recent publication

(Lamb and Richter, 1966b).

b) In the case of a liquid the symmetry of the complex

" elastic matrix is isotropic. Furthermore, at frequencies much
below the lowes? relaxation frequency, the real parts of rigidity
components are zero, and, for shear waves, the following expressions

are obtained from Equation 3.13 for the phase velocity and attenuation

Ve __..LQ‘; 3,20

X = —2’-9'1 | 3.21




The penetration depth of shear waves defined as the distance
over which the amplitude decays to 1/e of the original value is
found from Eguation 3.21 to be of the order of 1 < microns at

around 1000Mc/s for unrelaxed liquids.

3,3 EFFECT OF COUPLE STRESS.

A wave-type solution of Equation 3.1 in a medium where couple
stresses are present was first obtained by Toupin (1962) and
dindlin and Tiersten (1962). Here a less general method will be

adopted applied specially for quartz.

The above authors expressed the opinion that couple stress
can.have a noticeable effect on the propagation of shear waves in
solids at high frequencies, especially near boundaries. The

investigation described in this section has been carried out to

establish whether classical elastic theory {which does not consider

couple stresses) can be applied to microwave acoustics.

When the antisymmetric part of the stress is eliminated,

Equation 3.1 has the form, reproduced here from Equation 2.24

o2,

L7

= 2 s 3 2 (e 2 & ) 22
5 t2 Cax, v ax 13k 5x klj - >
3 ' J 1
oG
_ . 5 1 k1
Div Tij + Curl (2 5% ) 3.23

1

Without loss of generality it can be assumed that plane wave

propagation takes place in the x, direction. Therefore

> . 8 :
ax = ez, 0O 3.24
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The equation of motion, Egquation 3.22, written explicitly for

the three components of-the displacement is then simplified as

62111 3
§—= = " T
ot oz
1
62u2 2 |
0 2 .0 PR 3.25
p— . - = . .
at? ax el x. ¢ 3
1 1
2 - )
e u 3 ) ) A
g—3 = — - Ty- FT Oy
at axl axl

The first equation of Equation 3.25 does not involve the
couple stress; i.e. the pure longitudinal mode of the acoustic
wave is not affected by couple stress., Only shear waves will be

considered further.

To solve Eguation 3.25b and c¢ a constitutive relationship has
to be found which expresses the couple, stress Gij in terms of
displacement gradients. The required relationship is easily found
since the balance equation of internal energy, Equation 2.31, contains
terms that are the product of couple stress and the time rate of
local distortion. The differential form of the internal energy
equation is given below, where it is assumed that all processes
are adiabatic and lossless, and when the contribution of dielectric
energy is also added:

AD aD

S
dU = T, B
1j dsij + Gij dxij + Em dDm 3.26

According to the argument presented in comnection with Equations

2.42 - 2.46, the following linearised relationship can exist

S oD

N ije Yijoe

variables S;., X, ., D. in the most general case:
ij iJ7 "1

between the independent variables T 'Ei and the dependent
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TS _ aTlJ - a‘l‘iJ A . aTla 5
ij aSkl kl’ axkl k1l aD “m
AD AD AD . .
G, . oG, . oG, .
32 G N, S ¥ N 3.27
1] 9 k1l ox k1l 2D m
<1 k1
2k 2k ok _
E = D.og  +—8 % 4t
n °Sk1 k1 axkl k1 oD m
with TS } oU
ij asij
D .
&, = 2L 3.28
ij axij .
- U
En Y

By Bguation 3.28 the following symmetry of the material constants

is immediately established:

L5 S
i . 2% = .?;jfii___ = azkl = e g0 = O (polax)
aSkl aSij§Skl d kla Sij = 13 iJ i]

S AD
°hy o R _ & % " (axial)
_axkl asija&kl_ a&kla Sij asij ijkl .
o1S oF
—ii— = ——-9—21',-—5-—— = ——9—21]—5-—" = n‘. = d .. (polar)
oD, aSija n aD, o 13 ‘aSi‘_j o n-ij
282 2 2 o
A = _2U__ = ——=2Uv__ = kI _ 4 = a (pol

= = - = =a, . .= .. (polar)
a%y 4 exijeﬁkl 3%, 9 @ iy aﬁij ijkl klij

3.29



D . ~ , :

3G, . .2 oF

_—:l-'—l- = .é_.a._Z.Ué_‘_B—- = '.S-I.S_a—sg?c——- = -é'-§—-zl— = fn—ij (aZial)

aD, %520 n®%5 i3

oy 22y N 22y I T '

oD = 3D oD - 3D aD_ D —an B Pmn (polar)
m n m m n n '

With the above definition of material constants the Egquations

3.27 have the form:

Ti5 = eigaSa * gt ¢ YaeiiPa

Gis = PraiiSiy T 25005kt fneiiPn 3.30
. Pl

By = %S t g tPula

‘In Bquations 3.29 and 3.30 one can recognise 3. constants of the
ordinary elastic theory: '
o . . £ 0ier
cijkl elastic stiffness coefficients
dm-ij -—— piezocelectric strain coefficients
an = dielectric permittivity

The other 3 can be named as follows:

aijkl f——-x—st;ffness coefficients |
bijkl - gcoustical activity coefficients
fm-ij —— piezoelectric z~coefficients

The number of independent components of these coefficient tensors

can be found as follows:

C5 411 components of 3x3z3x3 tensor: 81
the symmetry c, i5k1=© klla gives 36 relations

between them' , . ~36
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ijxl

m—-13

further, T

| ij= Tji therefore Cijkl==°jikl
giving 3x9= 27 relationships, but 3 of
these have already beenvcounfed: =24
thus left: 21
components of 3x3x3z3 tensor: 81
the s t i = 6 ions
he symmetry alakl aklla gives 30 relation
between them: ~ =36

A A
trx = trG = 0 therefore

A N A
2111151 ¥ Pooia®k1 t Fazka Ty = O for all

9 combinations of kl, this furnishes 9

relationships:. ’ -9
~ thus left: ' 36
components of 3x3 tensor 9

the symmetry'an==ﬁmn gives

3 relations between them: -3
thus Teft: . . . &
components of 3x3x3z3 tensor 81
: A A .
T35 T55% Piqe1®ia = Pyt 8ivise
3x9 relationships between them: ; =27

tréij= 0 gives 9 further relationships of

which 3 have already been counted: =6
thus left: : 48
- components of 3x3x3 tensor ‘ 27

d . .=4a ..
m-ij  m=-ji
thus left: ‘ 18

gives 3x3 relationships: -9

51



e components of 3x3x3 tensor; 27
fie11 * fpoop 33 = 0 gives 3 |

relationships: =3

thus left: .24

The above maximum number of independent compozments will be
further reduced in a media possessing structural symmetry. The
schemes of admissible coefficients for the crystallographic class
of quartz are given in the tables of Appendix D, These tables,
uhuublished elsewhere, have been obtained by repeated applications
of the 3rd and 4th rank tensor transformetions, Equation A.l or
4A.2, wlth

given in turn by the matrices of Appyendix B. The
X

material response, expressed by the given schemes of coefficients,

is left unaltered by the density preserving changes of reference

configurations given in Appendix B..

The stresses and couple stresses in Equation 3.25 can now be
substituted by the differentials of the displacement with the help
of the constitutive relations:

2 ' 2

ou ) ,
2 A 1 @ A
S 012 | 0% (o111 5k + Porer®1) — 3 o 2 (b3lklskl+a3lklxk1)
| 1
3.31
620. d a?
_-—.3 = —_— ' A l —_ A
$ T2 5%, (Camada * Pia®a) * 2 77 Panafa*aua®a)

1

52
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where (c.f. Appendix C)

/ ou, lau.2 _}_aus\
a}?l" 2§X1’ 26}(1’
ou
1 2
8§ = 3 ox. O, O, .3.32
1
ou
, 2 9x, ? ? ’
1
and
/ 0, 0, Os\
o u
A 1
X = -3 g’ o, o, 3433
ex
1
2
1 2%y
\—é 2! O’ O,/
axl

When the xlx2x3vcoordinates.coincide with the'crystallographic
XYZ directions of quartz, BEquation 3.31 describes shear wave
_propagation along the X axis. Thenthe symmetry.of the coefficients
given in Tables D.1 - D.5 of the Appendix affords further

simplification, so that:

2 2 2 3 4 4

au au . au ou au gu

2 = 2 p oo —a_ L —_—l ik, 3 L, 2

=¢ +c -=(btb,,. ) +-a - 8-
o2 66, 27 °14, 2T 2\eeT o1l 3T LNT AT, 4
1 1 | 1 1

. . ; . , 3
Bu)':c 6211 . s au.%+!:(b o )a U, L au3+-:-L-a 8 Uy
or2 Mo 2 44a'x"l‘“2 27667 1T ox, 3 4 66ax14 $ 1o
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4 similar set of equations, with cl4= 0 results for propagation

S

along the BC or AC directions.

hen an exponential szolution of the form

u = u ej<wt_kx1) 3435

is assumed for Eguation 3.34, the following dispersion equation

is fourid:
.21 4 2 W21 '
(cggk g0 K = gw )(044& +5e 6k —pw ) (014~Za1i
4_(b,6+b77) 28 3.36

The dispersion equation is gquartic in k2 for which an exact
algebraic solution is obtainable (Turnbull, 1939). OF the 4
different positive roots two give the dispersion relations for the
'S and S5 shear modes, and the‘other two give two evanescent waves.
4 truncated power series solution yielded the following dispersion

relation for shear waves:

a s tan,+F(a,b,c)
w=\F Kk ('1 P T k2> 3.31
g . — 16e

where ¢ 1is the effective elastic constant of the mode in. question
2

S z2
°44+°66f “(044_066) + 4014

5 3.38

and F, a combination of the a, b and ¢ tensors, is always positive
but is expected to be less than a66+a77' According to Equation
3.37 shear.waves in elastic solids (even when" isotropic,; c.f.
Toupin, 1962) should show a slight increase in phase velocity as

the frequency is increased.

The velocity of the FS mode of a BC quartz specimen was
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measured in the double-tuned cavity of Chapter 8 by the pulse
interference method (ilcSkimin, 1964). Over a hundred interference
minima were oEserved in each of two frequency bands centred around
500 and 100 Mc/%, and the corresponding freguencies were read off
from a counter or wavemeter. To detectable difference was found

in phase velocity at these frequencies.

As a further check to detect an effect due to couple—stfeés,
the piezoelectric excitation via coupie—stress was examined.
Without detailing intermediate steps, when the full set of Equations
3,30 is substituted for the stresses in Equation 3.25, the following
counling is found between electric flux density and displacements

gradients for propagation along the X axis:

1 ou A azus 1 32u2 i 82u3
%6 3% t 3%1 T3t 7%17 o2 T 366 T2 - ~Tinle * Tyl
X oX
2 2 o
1 au2 1 auB-!‘“1 au2+1 au3 _ e D
2717 ex T 2071 Tox T 477 2 T HT 2 172
3.39
2 2
ou ou o u ou
2 3.1 2 1 3 .
°66 3% T C14%% T3P "2 ~ 3% 3> = ~ 410,
ox X
au ' auy a2u2 1 37y
%14 Fx t Cq4ex 2P T T 2P T2 = 41485

In Equation 3.39 the piegzoelectric coupling due to couple. stress is
expressed by the coéfficient f. A suitable single crystal sapphire
rod was obtained to check surface excitation through the piezo-
electric T coefficienf. While the elastic a, ¢ and piegoelectric

f matrices are found to have the same symnetry for sapphire as

for quartz, the biezoelectric a coefficients are identically gzero,

rendering sapphire non-piezoelectric in the ordinary sense. Any
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surface excitation in sapphire would be due to coupnle stress.
But no excitation was found at 450Mc/é, with a minimum detectable
siznal T04B lower than that needed fo detect piezoeleciric

coupling in BC quartaz.

Since neither dispersion nor excitation was found due to
couple siress, the material coefficients (a, b, f) connected with
couple siress must be negligibly small not to cause an effect
even at microwave frequencies. The conclusion is drawn that zs
the consequence of the smallness of these coefficients, only the
symmetric part of thé stress plays a role in dynamic relations
and therefore classical elastic theory applies up to the highest

frequencies encountered in microwave acoustics.

3.4 PILZOELECTRIC INTEZRACTIONS.

The interaction of electromagnetic and acoustic waves was
first investigated by Kyame (1949) who obtained uniform plane
wave solutions of Maxwell's electromagnetic field equations and
" Newton's equation of motion simultaneously. His results show that
it is convenient to consider the interaction consisting of two parts:
a) ‘"piezoelectric stiffening" ‘

b) . coupling beiween waves,

Piezoelectric stiffening will be considered here in the case

of non-uniform plane waves.
The apparent increase in the elastic stiffness is due to

the fact that the divergence of the electric flux density must

be zero in a piegzoeleciric medium void of free electric charges:

—_ =0 ' : | 3.40
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But the flux density is oroportional to both the applied electric
Tield strength and the mechanical strain

D, = ©ngj Sy t€p, B 3.41

The .stress is given as

T = — .
T35 % Cisl Skl ~ Cmij Ea . 3,42
The two sets of equations above are special forms of Equation

3.30 and the symbols have their usual meaning (e.g. liason, 1958).

Consider (after Kyame, 1946) the propagation of a plane
acoustic wave ,
a eJ (wt—k_X2)

along the X, coordinate axis, when

2
aDm aD?
5% = 5y, - IPp=0 3.43
m 2

The longitudinal component alone of the flux density causes the

piezoelectric stiffening, because the partial differentials along
the other two coordinate directions are zero for a uniform plane
wave. The longitudinal component of the electric field strength,
‘E2,
the help of Egquations 3.41 and 3.43 as

can be expressed (except for a spatially Eonstant field) with

.S, . o4
®01 3 313 + eszp) ‘ 3.44

1
T2 T -522(

where the index p (and the indices p, q and r in general) take

the value of either 1 or 3 but not 2.

Substitufing E, in Equation 3.4l and 3.42, the following

2
"stiffened" equations result:



(o P21 21, (e _ 921,3"€2n)E

ij ijkl €55 kl pij .622 b
3045

23 620 € 2 €2D
D= e..———;]—-*)S +{€ J—-)E
Q pij €55 kl QP €op p
One can write

Tig = Cigxr Sa T %o B p
' ‘ 34

D2 = eqkl Skl + eqp Ep

where the upper bar represents the stiffened coefficients, defined
by Egquation 3.45. The modification of the material coefficients
due to the restriction imposed on the longitudinal flux density
by Equation 3.43 amounts to a correction of the order of 1% or

less in quartz.

In situations of practical interest the amplitude of the
wave over the wavefront is not cbnstant. The distribution of
amplitude (both mechanical displacement and electric field
.components) over a small enough portion of the wavefront can be

described by

a = éo(l_+'dlxl * «3x3) o 3.47

where a, is the amplitude in the centre of the plane portion, and

dl and o. are real constants, since the wavefront is a plane of

3

constant phase. The partial derivatives of the amplitude are
listed below:
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i i . i
— = «.u — = =jkm, —_—= =« u
axl 173 812 ax3 371
3.48
oE 3k, AL
— = «F —= = -jkB — = %,
oxy i ax2 ax3 371
Instead of Equation 3.44, the E2 component of the electric fileld
strength is expressed by the strain and the E1 and E3 electric
Tield strength components as
«I\ .dl‘\
- ®o13 v I T °rij A
'.'1'2 = - i bt hh 3-49
o J « D
€.+ j—¢€ ' €+ i> e
22 k Tq2 22 k q2

Since ¢/k i1s ordinarily less than 1074 and €22 is never smaller

than Eo,the following approximation is permissible for E2:

[~ ok (-4 €
_[e215 .1 (%= % &g2 )
By = [ € TV, \T %1y Tk €y, %213 Si5

€, « o € o€
+ [-——-P-Z + 3§ == (—le -4 a2 2")]3 3.50
€0p 1D

The stress-strain relationship, Bouation 3.41, has the following

form after elimination of B.:

2
€y qCns s € v [u o. €
T“l = [ci'kl + Zké 21 + 2kl (E? S g'if.—ﬂg 2__)]3 -
3.51
€, € € o) «Lp Xy €40 €
— [eb.'CJ_ — 2&1 20 -] 2l 1 ( ..EI.‘ € o — ..E(l -..(Lg _.2:9.)] B
* €55 €22 . 22 €22/J ®
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The imaginary parts, now appesring in bthe cocefficients are
connected to avparent attenuation owing to the spreading of the
wave. For an ideal uniform plane wave « belng zero, Iguation 3.51
resorts to Bguation 3.45z. For a nlane wave with non-unifdrm
amplitude the extra stiffening due to the non-constancy of the
amplitude over the wavefront causes a furither correction to the
magnitude of the material constants. A relative change of lO-'5
in the elastic constants would cause serious interference efiects
in practical epplicaiions. The second correction, however, being
proportional to (d/k)2 is negligible compared to 107 in cases of
practical interest.

The coupling between acoustic and electromagnetic waves is
very simple in the case of infinite plane waves, and is summarised
below for later use. The equation of motion for simple harmonic
waves is obiained from Equations 3.1 and 3.45 as (Kyame, 1949)

2 — 2 -

wIgu = ey KUy =1 e, KB

From Maxwell's equations the following relationship is found
betweon electric field and mechanical displacement, again for

simple harmonic waves: .

\

= 2 2. o= 2,
ME L WE) - KB = Wy, w il _ 3

A non-zero solution of the above 3+2 linear algebraic eguations
exists if the determinant of the coefficients vanishes, that is

when

< B ’ 303
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4.3

, If the piezoclectric coefficients were allowed ito vanish, the
determinant would sevarate into two determinants: the third order
determinant giving the 3 acoustic velocities, and .the second order
determinant gilving the 2 velocities of the eloctromagnetic waves

] e

in the anisotropic medium. TForitunately the terams in the determinant

involving the viezoelectric eij“ coefficients are small, ond

neglecting them in the calculation of the 5 phase velociities causecs
. . .

a relative error only of the oxder of (vq/%e)“ vhere v, zad v,

are the acoustic and electromagnetic phese velocities,

rezpectively (Hutson and White, 1962).

3.5 THZRICZLASTIC INTERACTIONS,

The constitutive equations for an isotropic medium, given in
Equation 2.50, show the interaction between those elastic znd
thermal variables that zre of scalar character. Ience
compressional waves propogating throuzh the medium zre counled
to thermal waves. Shear waves do not involve the trace of the
stress and the strain tensors (in isotropic media), therefore

they are not accompanied by simple sinusoidal temperature variztions



of the game frequency zs the acoustic wave, and are not subject

ature of the interactions is.

3.

to thermoslastic interactions. The ¢
examined vo find its effect on the attenuation of loungitudinal

coustic waves in quaric.

[g]

For +the sake of simplicity, only the ideal isotrovic casc
will be considered with no structural relaxztiouns (Yv=0). ihen
Bouation 2.50a is subsvituted in the equation of motion it is

found that

2 . .
3 tx Si' . o 52 e S 3 a2T 155
= = . i, « . - - .
at2 T aziaxl ij ¢k dX18%q
where Ve is the isothermal longitudinal velocity:
1 ;
Vo = ' 3.56
T |kzS
On the other hand, substituting Bguation 2.50c into the entropy
balance equation 2.38 (without internal heat sources) gives
a 8%
T T kax.ax. 3.51
J J
which, together with BEquation 2.50b yields the equation of
temperature distribution:
oA T 2
oT o o _ 8~ 7
¢¥Sr Tk 3% (tx Sij‘) —Aaxjaxj 3.58

For a medium for which the temperaturé~coefficient of
expansion is gzero, the two equations 3.55 and 3.58 separate into
the ordinary wave equation of longitudinal waves and the equation
of heat conduction, respectively. TFor the coupled waves a solution

is assumed in the form

o (wt-lc*x) 3.59
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where the amplitude a contains both the mechanical displacement
u, and the temperature T as components. Uhen this is substituted
in Bguations 3,55 and 3.58, the two basic equations take the

form given below:

2 2
- sz (k*) +w

T = ju £ 3.60
RS Kk *
K . (1 ¥} 2
—jecw— A(kc*)
u= Tz
T k*w
o
Following a method of solution given by Chadwick (1960), P/u is
eliminated from the two equations, -and normalised frequency
together with normalised wave vector K are defined as
o cv
Q = "0:3'" Uil = T
| B with Wy x
3.61
K = k* 2
gch

when the dispersion relation is obtained:

(Q2 - ¥2)(Q- %) +eQr% = 0 | 3,62
where the coupling coefficient & is given by

2 2
=z T v
oL
£ = 2 T 3.63

Since the dispersion relation: is quartic it admits four
solutions: a forward and a reverse elastic mode {with small,
almost 90O out of phase temperature variation accompanying it
in the adiabatic range) and a forward and reverse highly attenuated

thermal wave. The exact variations of the phase velocity and
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attenuation as functions of frequency are shown in Fig. 3.1

for the elastic type mode below:

T T~
A

1 4

4 =2 -1 0 : +1 +2 loglOQ

FIG. 3.1 THERMOELASTIC DISPERSION

The velocities and attenuations are given by the following
infinite series expansion in & (Chadwick and Sneddon, 1958) for

the quasi-elastic mode:

| €
v = VT 1 + __—_2' = e ¢ e
2(1 + Q) : _
3.64
oL = 20 | E ° _ |
vl 2 il +Q2$ o
and for the quasi-thermal mode

v = VT IQ [ l — '] L[] - L ] ]

: : - 3.65

_We I1Q
cem (@)
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Equation 3.64 shows that the adiabatic-isothermal change for the
longitudinal elastic mode can be described mathematically by a
single relaxation up to first order approximation. The unusual
feature of the thermoelectric relazation is that the acoustic
velocity becomes smaller as the frequency is increased. At very
high frequencies the velocity is the one obtained from the iso-
thermal elastic constant. At very low frequencies v = VT\11 +€,
vhich is exactly the adiabatic velocity. The Tact, that (in'
contradiction to the widely held belief) the acoustic wave is
adiabatic at low frequencies and isothermal at high frequencies
was first pointed out by Herzfeld and Rice (1928) (c.f. also

Herzfeld and Litovitz, 1959).

For crystal quartz at room temperature the following

approximate numerical values characterise the thermoelastic

interaction: gcv
W, = —5t— = 9.6z 10%/s
2 2
- T v
oL m -
£ = 22 = 1.4x1074
' 3.66
w ,
oL = 238 = 1O4dB/cm

2

Aot ldic/s™ @ (f:) = 2.4 x 107%3/en
The above figures show that thermoelastic dispersion takes‘place
well above the practical microwave frequencies. (For metals, due
to their higher conductivity and heat capacity, the situation
might be different, c.f. ILiicke, 1956)., The resulting attenuation
is approximately 200 times less than the attenuattion due to
structural relaxation (viscous effiects). Therefore thermoelastic
interaction will be regarded negligible at the frequencies of present
interest. Iowever, when the viscosity coefficients of crystal quartz
are determined (Chapter 10), a very smali part of the volume viscosity

arises out of thermelastic effects and not structural relaxation.
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CHAPTZR 4.
PIEZOLLECTRIC SURFACE EXCITATION.

4.1 COUPLED WAVES.

The interaction between the acoustic and eiectromagnetic field
variables is expressed by the piegoelectric constitutive relations,
(Bquatio:
Wi

potential 4, (e.gs Fano, Chu and Adler, 1960)

quations 3.4l and 3.42)_obtained through energetic considerations.
th the usual definitions of scalar potential ¢ and vector

H=curl A
oA

also div A = -6%%

Maxwell's equations result in the following set of inhomogeneous
wave equations, when the electric flux density 1s substituted flom

the coastitutive relations:

2
2p . 1, x .
AP ~cp 32 el=Q - aiv ey S)
. | G2

o ok, :
An; -ep For- R Iy —dvesg Sg

where f‘is the density of.free charge, Ji is the electronic
)

00X _.0X,
J d

magnetic permeability M were assumed isotropic for simplicity.)

current density and A= . (The dielectric constante€ and

The balance of linear momentum in a plezoelectric medium
yields (c.f. Bquation 2.18)
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5 7

o u, ou
3 - 52 ("i jk1 axn) = - 537 (o35 By) 43
ats %% V4 1 j o '

' The wave equations 4.2 and 4.3 all have a source term on
their right hand side. The acoustic equation 4.3 shows that a
gradient in the product of piezoelectric constant times electric
field strength (eB) is the source of acoustic displacement. The
electromagnetic equation 4.2 indicates that the product of
piezoelectric coﬂstant and strain acts as source for tie electro—

magnetic waves through an effective piezoelectric charge density:

- )
e = —du'%kl%d_ ‘ 4.4

and an effective piezoelectric current density:

—

= 2
I3 = 3% %kl S | 45

Taking the curl of both sides of Equation 4.2b gives a wave
equation for the magnetic field (in the absence of free current):
A azH.l _

Hi -€EN 2 = - jweourl e, S, 4.6

For a wave div eS, curl eS or div eE have values which are
genexrally noh ZeX0, giving rise to a continuous interaction
between the elastic and electromagnetic fields (e‘g.'plaﬁe vave
solutions of Equation 3.53). At discontinuities the abrupt
change in the field and material parameters make the differentiais
div or curl much larger than anywhere:else in fhe continuum, so
maximum conversion of acoustic type wave to electromagnetic type
(or vice-versa) is expected at such discontinuities. Even if
there were appreciable excitation over a long enough distance
due to the inhomogeneity of the exciting field, the wavefront
would be irregular causing little coherent detection. ‘Therefore
excitation only at a surface of discontinuity will be considered

here.
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Only the longitudinal component of the piezoelectric flux
density (eS).contributes to piezoelectric charge in a plane wave.
Lowever, there is no such restriction on the piezoelectric current.
Usual one-dimensional treatments of the subject do not mention
pilegoelectric currents and flux densities transverse to the direction
of acoustic wave propagation, and thus neglect the possibility of

acoustic excitation by transverse flux densities and fields.

The three~dimensional simultaneous wave equations 4.2, 4.3
and 4.6 are too complicated to give a practical exact solution in
a general case. An exact solution, however, may sometimes be ‘
obtained by building up the electromagnetic and acoustic fields

from elementary plane waves.

In connection with Equation 3.54 it has been shown (after
Kyame, 1949) that 5 coupled plane wave soluticus exist in a
piezoelectric medium for a given direction of propagation. When
" two semi—infinite lossfree media are separated by the x2==Q plane,
with medium 2 on the left, and medium 1 on the right, then five
different wave solutions exist in any diréction of propagation for
the combined electrodynamic and mechanical equations in each of
the two media. Three out of the five phase velocities will be
acoustic types, and two will be electromagnetic types.: If a
medium is not piegoelectric, these waves will be uncoupled acoustic

and electromagnetic waves.

If there is a single wave incident on the interface, it gives
rise in general to five reflected and five transmitted waves. The
direction of propagation of the reflected and transmitted waves
is determined from the condition that their component of the wave
vector parallel to the surface must be equal to the same component
of the wave vector of the incident wave. (c.f. Appendix G) The

amplitudes of these waves (10 pnknowns) can be determined dependent
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on the incident amplitude from the continuity conditions at the
interface for the 3 components of stress, 3 components of displacement,

2 transverse components of E, 2 transverse components of H.

The situation at the interface of air and a fictitous piego-
electric medium is depicted in principle by Fig. 4.1l. The various
curves are intércepts of the inverse velocity ‘surfaces with the
plane of incidence., Since the inverse of the phase velocity is
proportional to the wave vector, the direction of ﬁhe various
transmitted and reflected wave vectors are simply obtained by the
construction indicated in the diagram. Because of their very
different phase velocities, the generéted acoustic waves will be
practically normal to the interface for almost any direction of

the incident electromagnetic wave.

4.2 STMPLIFIED SOLUTION BY WAVE SUPER?OSITION.

A combined solution of the electromagnetic and mechanical
equations will be obtained for a situation with idealised geometry.

The results found are usable for practical systems.

In the arrangement of Fig. 4.2a a block of quartz with its
flat surface at x2=-0 is partly f£illing the air space betweep a
pair of conducting metal plates. The crystallographic X and BC
axes of the quartz are‘parallel to the Xy and Z, coordinate axes
respectively. If the width w is large enough, the electromagnetic
field configuration between the plates dorresponds to simple

plane waves.

_ In the piezoeleciric medium the secular determinant (Equation
3.54) giving the 5 possible phase velocities has the following

special form for the given crystalline orientation:
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2 . .2 ' - ,
|mgw +°66k 0 0 0 —6312,’]1{
2 2 C .2 .
0 (-gw +C .k ) Cogk -e12231§ o
2 2 2
0 1 - -
Cogk | gw+c44k ) 0132jk 0 . 4.7
. =0
2. 2. 2 .
0 Heygpw Ji '~ ey 3w ik (~udjeyy %) °
- 2. : 2 = 2
. 1 : - %
uc312 w »JC | 0 0 0 WH€33 2k

\

This can be separated into the product of two determinants,

one involving the coefficients ofuland E3:

2 . = 2 -
(=gu” + Tggk) —9312jk
= o 498
- 2. 2 = 2
o3y Jk (=W ue 33 ¢ k)

and another involving the coefficients of Uy u, and El'

3

The determinant 4.8 gives the following equation for the

velocities (with indices and bars omitted for the rest of this section):

| (V2 - va?) (v2 - ve?) - mve2 v = 0 4.9

w
where v = -
- k
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1
v =
2
m = E-g-& (order of 10-10) _

Solution of Equation 4.9 gives two velocities:

l+nm = v
a

<
"
<
f

~ 4.10

l-mn =~ V

<

n

<
o®

e

one having acoustic, the other electromagnetic orders of magnitude.
Both of these waves have mechanical and electromagnetic components.
The displacement lies in the xl'direction and the electric field

in the x, direction. These two waves correspond to the conventional

3
pure shear acoustic mode in BC quartz and to the vertical.

polarisation of the electromagnetic wave. The ratio of the ‘
amplitude components'§ is given by the ratio of cofactors of a

selected line in the determinant 4.8:

BE_ EEEEJE; = skf;::ugf ' 4.11
u kz—uEME‘ ejk *

From BEquation 4.11 the ratio of all the field amplitudes can

be obtained; giving for the acoustic mode

@m0y @ioe Bmwer (D=2 s
and for the electromagnetic mode:

(@)= s Ee-e O, 5 @) -2
e : .

In the above, equations f is the force per unit area on the positive
side of a plane perpendicular to the direction of propagation.

The wave number k, and the sign in' Equation 4.13c is positive for
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the forward going wave, and negative for the reverse wave. The
approximations made in neglecting (;2)2 compared to 1 are useful,
e

but not necessary.

For the sake of generality the space in front of the quartz
crystal is assumed té contain another piezoelectric dielectric in
which the field variables lie entirely in the directions éo.far
considered.. The diagram of Fig. 4.2p defines the various

travelling waves on the two sides of the interface.

The continuity of displacement, force, tangential electric
and magnetic fields'at the interface is expressed by the following

four equations:

Juul 4 mlHl = 307u2 + m2H2
fl-— elEl = f2 - 62E2
! 4. 14
B+ mfy = By +mp0y
Hy - edwy = H, - e,jwu,

In the above equations the mechanical variables associated
with the electromagnetic type waves are expressed by the other
electromagnetic variables from Equation 4.13, while the electro~
magnetic variables of the acoustic type waves are expressed by
elastic variables from Equation 4.12, and the following notation

is employed:

u' = + =

1% v
= o T et 1
&1k Goky

also
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If the electromagnetic components of the acoustic wave and

the mechanical components of the electromagnetic wave are disregarded,
then there is'an apparent discontinuity in.all the elastic and

electromagnetic variables at the interface:

Jou, - jwu, = Ajwu = -m H, + mH,
fl -f, = Af = o,B; = o,F,
: 4016
.El -E, = AEB = -myf, + mf,
H -H, = AH = e jwu, - e239u2

According to Equation 4.16a the magnetic field strength at the
surface gives rise to an apparent surface slip, and the electfic
field strength gives rise to an effective surface'fbrce (Bquation
4,16b). Similarly, the stresses cause a jump in the tangential
component of the electric field strength (Equation 4.16c¢) and the
displacement velocities cause a Jjump in the tangential component

of the magnetic field strength (Equation 4.16d).

. The right hand sides of Equation 4.16 can be formally
regarded as defining surface slip, surface force, surface cﬁarge
and surface current densities, respéctively, caused by the piezo—
~electric effect. For practical purposes, however, it is more
useful to regard the discontinuity equation (4.16) as defining the
properties of an equivalent network, which transforms the set of

four input quantities f2, ju)uz, E2 and H2 to the output set fl’
1 and Hl' The transfer function of thelnetwprk is

obtained by simple rearrangement of Equation 4.16 as:

jwuy, E
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f. = «f +O+{$E2+O

Jwu; = 0+ jous+ O +dH

El=é'f2+o +xE2+O
= "
Hl p +(Sjuu2+ 0 +°§H2
- with l+m.e,
& = 2°1 w1
1+ m;eq
e, — o
P — 1 2 ~ o, -6
1 ’ 1 2
+ mg8y
4,18
- l+n e
X = —__;._z ~ 1l
1l + m, e
§ = = & m, = m,
1+ me 2 1
171
The equivalent network indicated in Fig. 4.3a contains four
ideal transformers. 3IZquation 4.17 can be put in the form
£y = d_fz +.PE2 ou, = «juu, TSHl 119
B, = sz +yE, 3 H, =-pduy +yH)

It is easily seen, that the equivalent network gives the trans-
formation described by Equation 4.19.‘ In the special, practically
important, case when medium 2 is air, the terminating impedance a2t
port 3 is zéro, and the equivalent circuit can be approximated to

the form given in Fige 4.3Dbe.

When practical figures.are substituted in Equations 4.17 and
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4.18 (for quartz e= 1072 As/me, -:]-ﬁ-u- = 1070 ’ -g = 106Q in high
Q cavity), the impedaﬁce of the acoustic system, as seen by the
electromagnetic field is of the order.of 103 times higher than the
electromagnetic impedance. Correspondingly, the impedance seen by

3

the acoustic waves is 10~ times lower than ihe acoustic wave
impedance. Because of this large mismatch it is’ safe to neglect
the high acoustic impedance in shunt with the electromagnetic
impedance. Also, the zero impedance seen by the acoﬁstic waves at
reflection is not significantly increased by the electromagnetic
impedance. The above remarks are not valid when the acoustic
system is resonant with a high Q as for example in the case of

half wavelength resonant transducers.

A.3 THE PREFERRED DIRECTiONS OF EXCITATION.

For the simple arrangement of Fig. 4.3b it has been found that
the acoustic force per unit area, f, that has been excited by
piezoeledtric surface excitation is the product of the piezoelectric
constant times the electric field. Now it is assumed that a similar
equivalent circuit can be given in general for the excited force
in each acoustic mode at the ihterféce of a piezoelectric medium
and air, and it will be proved that the amplitude of the force is

given by
M .
fM = (ei )o. Ei _ 4.20

.according to which fM, the force at the interfacé in mode M, is the
scalar product of the excitation vector @i%Lof the mode in -question |
and the electric field strength vector at the air side of the
interface. (Lamb and Richtér,' 1966¢). The excitation vector (eiM)o

is a suitably weighted combination of the components of the piezo-

electric tensor e, Its direction is the "external preferred

ijk*®
direction of excitation", since maximum excitation occurs when the
electric field strength vector is orientated in this preferred

direction, the magnitude of E remaining constant while its direction
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is varied. There is no excitation when the electric field vector

lies-in a plane normal to the preferred direction.

A general arrangement for surface excitation is shown in
FPig. 4.4a. A piegoelectric crystal with a flat surface F is
inserted in an electromagnetic cavity resonator. The origin of
the Cartesian xlx2x3 coordinate system is fixed at the centre of

the flat surface with x parallel to the surface normal. The

2 .
transverse surface'dimensions_are assumed to be very much larger

than the acoustic wavelength.

An external signal injected into the cavity by the coupling
loop sets up a time varying distribution of electric and maghetic
fields inside‘the cavity. At the dielectric discontinuity F
the normal component of the electric flux density (D2) and the
tangential components of the electric field strength (E1 and E3)
are contimuous in the absence of electric and magnetic surface
charges and currents. .Therefore it is useful to regard the triad
(El D2 E3)= rnx as the independent variables on the right hand
side of the constitutive relations., Simple rearrangement of ths

Equations 3.41 and 3.42 gives the desired expression for the sitress:

80

D, = (c ezijezki) (e f21 . p “2i3 1
1 T CugatT e, kT CairTe,, faile T TE,, e 42
or, more concisely

© o .. [ | 4.22

P55 = %38 ~ °mis ‘o
. where -the coefficients Eijkl and gﬁij’ af? defined by Bquation 4.21.
The modified'elastic stiffness constant cijkl is the same as the

"piezoelectrically stiffened constant" previously considered
(Equation 3.45).
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Substitution of Equation 4.22 into the equation of linear
jw

momentum gives (with e K time variation and no change along the

%) or X, coordinates):
au .
2 a_ |- K\ - 8
w gu; ¥ 3z, (°i2k2 ax2) ax,, (onsip rm) » 423

The material coefficients';'and'z cannot be moved outside the

differential operator 3%— because they are not constant at or

near the discontinuity. "It is supposed that in a small region
~€ <:x2<:£ around thé interface at Xo= 0 +the various elastic,
dielectric and piezoelectric coefficients change from one value to

the other and remain constant outside this region.

Integrating Equation 4.23 by dx2 between the limits +£ and -€
gives '
+£ ' +€ +£
au
2 - Jid -
w b’ e =
[ g udxy + | Cionp 2%, °piz | p | 424
—£ -i "i

If the width of the region tends towards zero, the limits in the
first term of Equation 4.24 coincide, making the integral zero,
since the integrand is finite. When the medium on the 1eft is

air, both the elastic and piezoelectric constants are zero at -&.

Hence

£

— a u N —
c. ) = (q o 1 ) ' 4625
( 12k2 3%5 /a4 40 mi2 ‘@ /.. .o

(BEquation 4.25 expresses the condition of stress-free surface).

In general three acoustic modes can be excited, and they =zll
can contribute'to ;;f . In addition to the mechanical displacement
in . the acoustic waves, the resonant mode of the cavity field also
haes a very small mechanical displacement component associated with
it. The relative error introduced by neglecting the latter

. o .
contribution to 5;?@ in the case of uniform plane waves is found
2



from Equations 4.12 and 4.13 to be proportional to the ratio of
acoustic to electromagnetic velocity, and hence it will be '
neglected in the general case, now considered. - Expressing the
displacemenf gradient on the left hand side of Zquation 4.25 as

that resulting from the three acoustic modes one has

3
e MM =
;" 3 a0t U = Cpip [

where kM,cka and UM are the wave vector, direction cosines of

displacement and amplitude of displacement, respectively, for
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4. 26

mode M. There is no automatic summing over the index M. Taking

into account that* (c.f. Equation 3.10)

M o_
Cioko %k T A

where CM, the eigenvalue(or effective elastic constant) of mode

4.27

M, is a root of the determinental equation ( d = Kronecker delta)

et | %12 = S - I

are neglected together with mechanical displacement components
assoclated with the eleciromagnetic modes.,

4028
Equation 4.26 can be rewritten as
3 i .
Yot MM o5 T - 4.29
i mi2 'm
M=1 .
Multiplying both sides by ¢xiM gives*
o - u
- JKM CM UM = Cpio O(i .rm 4.30
as
M A
0(1 o(i = 1
14 =
Xy Xy =0 4231
- The electromagnetic components of the coupled acoustic type waves



owing to the orthogonality of the direction cosines* of the
different modes.. The left hand side of Equation 4.30 is the

force® per unit area on a plane perpendicular to x, in mode M:

| 2
fM = Em:'L‘2 diM rm : 4.32 |
.Re“suhstitution é'f -523..2 and l‘m, and the continuity of [ at the
interface yields: ' , ' 5
- -G.Qi2 4 M E t €250 1M 22_2; 4.33
- eq12 diM B+ epiy g 2'29; B,

where E__.Lo represents electric field strength outside the dielectric.

Therefore the force in the excited acoustic mode M is given by
M o
M (ei )o E, 4.34

where the components of the Yexternal excitation vector®” are

[ A €\, x
1 /o — 1j2 ~ 232€ Jj -

22
oMy _ €o M
(62 )o (623'2 622) oL s ) 4435
e‘ u = e. . . - Q.. 'E:Jg ol M
3 Jo 3j2 2j2 622 J

Bquation 4.34 shows that the excited amplitude is the scalar

product of the electric field strength (on the air side) and the
x

~external excitation vector (eiM)o «  The direction of (eh)o will be

designated as the external preferred direction of excitation for
mode M. |

. _
see footnote of previous page.
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The excitation can be expressed in terms of the electric.
field on the dielectric side of the interface, too. If D2 in
HEquation 4.33 is substituted from the constitutive relgtions,

Bauation 4.33 takes the following form:

: My N
3
L Y (o35 ;") (g p0) o 36
= Cnj 1 .
mi2> i “m & €22 C
where 10 are the ordinary piezoelectric constants and EmI is.

the electric field'strength inside the dielectric at the interface.

Solving Equation 4.36 explicitly for fM glves:
5 .

Mo gl & ;L_u kZM(ei I . g T 4437
J J I 1-k -k =k ) 1 .
kKo7 Ks 5
where
i 1
(ej )I = %0 %y
1 N
nd 1 o Lepip oy (egp %y ) 8
cMN - 622 CN_ : 4.3

For quartz the values of the quantities described by kyy are
less than 10-2, allowing to neglect the second term in Equation
4.3 without introducing an unacceptable error. With this

& = _(ejM)I.E'.I , " 4.39

J

approximation

The direction of the vector(ejM)I defines, for mgterials with
negligibly small piezoslectric coupling, an internal preferred
direction of excitation. . This direction, for the 3 modes along a
seleéted direction of propagation can be found from the contour

maps of Figs 5.9 - 5.11.

Both the internal and the external preferred directions of

excitation are shown in Fig. 4.4b to the right scale for the FS
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mode, when the normal of the vacuum~-dielectric interface is
parallel to the BC crystallographic direction. There are three
pairs of corresponding external and intefnal electric field
strength vectors shown in Fig. 4.4b. |

a) For E1 the external field étrength vector makes an angle
of 90o with the external excitation direction, and necessarily,
the internal field strength vector, too, is normal to the internal
excitation direction, therefore no excitation occurs.

b) E2 is parallel to 8 in vacuo, but is not paral;el to %
in the dielectric. This situation corresponds to maximum excitation
as the direction of E is varied, but the external field intensity
is kept constant. '

c) E3 is parallel .to % in the dielectric, but is not parallel
to & in vacuo. This situation corresponds to maximum excitation
as the direction of E is varied but the internal field intensity

is kept constant.

When the preferred directions are either normal or parallel
to the surface, the direction of E for maximum excitation is the
same independently whether it is the internal or the external field

intensity that is kept constant.

The ihtensity and direction of the electric field at the
interface depend in a complicated way on the geometry of the cavity—
piezoelectric crystal arrangement, and to find the arrangement for
maximum excitation when the input power to the cavity is kept .
constant, is a difficult design problem. Tﬁe preferred directions
' define directions which are furthest removed from those corres—

.ponding to no excitation.

)
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44 PRACTICAL CONVERSION EFFICIENCY,

In cases of praciical interest the dimensions of the piezo-
electric medium are large enough aliowing the acoﬁstic type +waves
10 be considered as simple plane waves, but too small to allow
unrestricted travel of electromagnetic plane waﬁes; and thus
making the wave superposition method (Section 4.2) too. complicated.
To obtain a practical formula for the conversion efficiency it is
assumed that the electromagnetic field is not affected by the
presence of a piezoelectiric medium in any other way than by its
dielectric permittivity. (Such an assumption seems justified, since
it was found in Section 4.2 that the impedénce of the acoustic
system is much higher than the electromagnetic impedance.) Then
it is possidble to solve'Maxwellfs equations with the given boundary
conditions independently, neglecting piezoelectric effects. The.
electric fieids 50 obtained can then be used to calcula%e the
excitation of the acoustic waves. It is also accepted that

excitation and reexcitation are reciprocal.

The electromagnetic field is contained in a cavity resonator
of high enough Q to support only a single electromagnetic resonant
mode at a given frequency. The behaviour of the resonator as

seen by the coupling loop can be described by an equivalent circuit:

i/p@ %L Rshj—l-:c .‘fo -

FIG. 4.5 BEQUIVALENT CIRCUIT OF TRANSDUCER CAVITY.

V0 is defined along the path over which maximum voltage is

developed. (Moreno, 1958). The electric field across the piezo-
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electric surface is proportional to v,

. VQ : .
= ; ‘ 4.40

The direction of E and the value of £ can be calculated for a given

td

resonator configuration.

The acoustic power is given by

P, = Af jwu = A& f° 441

2
A Z,

where A is the area across which the acoustic power flows, and

Z, is the acoustic impedance

= L. - \( ‘
Zy = G ~ V8 4o 42
Substitution of Equation 4.20 into-EQuation 441 gives
2.2 2 '
~ dAe B co j:
B, = 7 443
. N A
where NViS the angle between the electric field strength vector

and the preferred direction.

The electromagnetic power (at resonance) is given by.
2 . .
o

P, = = - : 4o44
E Bon

It has been assumed, that the acoustic energy is much smaller
than the electromagnetic energy, therefore the efficiency can be
-~ given by PA fg

a = ~
PA+PE P

4.45

t=)

with a<<1l. Hence

e2

__‘___.'A 2.0.n
a = ,ZAV _(_é . CO3 Y Rsh | | 4.46
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In the above expreésion for the efficiency

2 .
e — =
TZI = kve —,X, . 4.47

7

(k is the usual piezoelectric coupling coefficientL ¥ is a
property of the piezoelectric medium whose dimensions are that
of electrical admittance. The rest of the product in BEquation 4.46

will be designated by R* .

o A 2 -

R = 72 cosxf/RSh | 4.48
R* is an effective shunt resistance, whose value is dependent on
the Q and the design of the resonator. With the definitions of X

and R*® the efficiency can be written in the simple form of

a= K.R" | , 4.49

‘It is'significant that the above expressions for the conversion
" efficiency do not contain the frequency, showing that surface
excitation is frequency independent. The expression of conversion
efficiency hitherto available is due to BOmmel and Dransfeld (1960)
showing an efficiency proportional to the acoustic wavelength.

Such a frequency dependenée‘would give rise to the anomaly of
practically 100% surface excitation below a certain frequency.

The formula obtained in this thesis is supported by experimental
observations which do not indicate any significant change in the
excltation efficiency from the lowest frequency of resonant

transducers to almost optical frequencies.
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CHAPTER 5. |
NUMERICAL RESULTS FOR THE ORILENTATION DEPENDEZNCE OF PROPAGATION
AND ZXCITATION PROPERTIES IN QUARTZ.

5.1 ORGANISATION OF THE DATA.

The phase velocity, polarisation, internal preferred direction
and efficiency of excitation for all three modes of an acoustic
plane wave in crystal quariz héve been computed as functions of
crystallographic orientation. The results of the computations are
given in the form of contour maps in a suitably devised coordinate
system. Such contour maps are available for the velocity and

‘polarisation of acoustic waves in certain cubic and hexagonal media
- (Fein and Smith, 1952; Gold, 1950)., The trigonal class, to which

quartz belongs, has not been investigated in this manner before.

The construction of the coordinate grid system uéed_iﬁ the
calculations and in the presentation of the results is shown ;n
Pig. 5.1. The point P is on the unit sphere, generated by the
tip of the unit vector n lying in the direction of propagation
( direction of phase velocity). P! is the projection of P from
the centre of the sphere on to a vertical or a horizontal plane.
The vertical plane is tangential to the unit sphere at the point
corresponding to propagation along the Y crystallographic direction.
The horizontal planes are tangential to the unit sphere at

directions corresponding to the +z and ~z crystallographic directions.

Wnen the 3.projection planes are folded flat they givé the
coordinate grid of Fig. 5.2, where ¢ is the azimuth angle and &
is the elevation anglé. The points corresponding to the most
common cuts and orientations are labelled in this diagram by the
letbter notation of the cuts and the crystallographic 3-digit

hexagonal Miller indices.
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Due to the crystallographic symmetry, a suitably selected

portion of the grid coﬁtains éll crystallographically different
orientations without repetition. The calculation of the.acoustic
and piezoelectric properties was perfdrmed over such a secfion at
3° intervals both ways in the range 0<¢<30°, -90°< 0< +90°,
Additional denser grids were needed around the poles at 3o intervals
in the range o°<¢<60° and at 0.5° intervals in the range 78°<0 < 90°
and also for O<¢<25°, and 18°€0<33° at 1° ana 0.5° intervals,

respectively.

The University of Glasgow DEUCE computer was used for. the
calculations. A short description of the method of calculation

and programming is found in Appendix H.

Most of the information obtained from the caloulations is
presented in the fdrm of contour maps. AThese maps have been
obtained from about 50,000 individual data, which cannot be given
in a tabuléted form here. The contour maps show excellently the
general patterh of variation of the calculated properties with '
crystallographic orientation, and the accuracy with which the
values can be read off from the maps is acceptable fo: most

praciical purposes.

.5.2 PRESENTATION OF RESULTS.

p)

The contours of the phase velocity for the 1ong1tud1nal (L),
fast shear (FS) and slow shear (SS) modes in mm/Usec are given by
Figse 5635, 5.4 and 5.5 respectlvely, In calculating the phase

velocity, piezoeleciric stiffening has been taken into account.

Figs. 5.6, 5.7 and 5.8 show the deviation (in degrees) of the
mechanical displacement vector from the pure mode direction for

the three modes (Displacement in pure mode —— 10ngitudinai: along



the direction of propagation, shear: transverée to the direction

. of propagation.

Figs. 5.9, 5.10 and 5.11 givé the contours of the angle
(in degrees) between the internal excitation vector (preferred
diréction of excitation inside the dielectric) and the plane of
the flat excited surface for the three modes (90° - ndrmal to the

surface).
re

Figs. 5.12, 5.13 and 5.14 give contours of the relative
conversion efficiency'(proportional to X of Equation 4.47) in
decibels for the three modes. These contours show the pelative
efficiency for constant electric field intensity inside the
dielectric when the direction of the internal electric field

strength vector is parallel to the preferred direction.

The numerical values of the elastic, piezoelectric andl
dielectric constants that have been used in the calculations
are shown in the tables of Appendix E., These valués were taken
from the paper by Koga et al. (1958) with which later values,
obtained by McSkimin (1962) are in sensible agreement.

Farnell (1961) gave graphs for the velocity and polarisation
of acoustic waves in quartz for directions contained in the thres
coordinate planes, and the present data for these directions are

in basic agreement with his.
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PHE EXPERIMENTAL SYSTEM.
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CHAPTAR 6.
THE ZLECTRONIC MEASURING SYSTEM,

6.1 GENZRAL DESCRIPTION.

A simplified general block diagram of the measuring system

is shown in Fig. 6.1 below:

_ Receiver Display

Trénsmltter system > oscilloscope
Circulator

Comparison | -

signal _ P : {// .

gegerator 2 D Transducer cavity

anl'br ced ‘ with piezoelectric

Sit:nuatsr quartez crystal

2 a inserted

PG, 6;1 BLOCK DIAGRAM OF MBASURING SYST=M.

The transmititer supplies approximately lkW of radio freéuency
power at a seiected freguency in the range 350 - ISOOMc/s in the
form of pulses of 0.6 -~ 2pusec duration. The r.f. power is fed to
the {ransducer cavi{y via a circulator. The piezoelectric quartz
crystal .- inserted in the cavity converts a portion of the electro-
magnetic energy into acoustic energy and it also reconverts some
of the acoustic enefgy of the received echoes back into electro-
magnetic energy. The receiver system amplifies the echo pulses to
a sufficient amplitude for display on an ascilloscope. A comparison
signal of the same freguency as the main r.f. pulse is fed to the
receiver system through a calibrated piston attenuator, and is

displayed simultaneously with the echo train. The amplitude of a given
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echo pulse is measured by adjusting the setting of the piston
attenugtor and noting the ;eading of the dial when the height of
the echo and comparison pulses appear to be the same on the
oscilloscope screen. All the timing and low level modulating
pulses necessary for the operation of the system are obtained from

& pulse control unit.

The transmitter unit consists of a microwave planar triode
oscillator and a line~type modulator with its associated high
voltage power. supply. Microwave planar triode oscillators were
chosen as the source of r.f. power because they easily satisfy the
requirements that the pulse-modulation on—-off ratio should be
better than 160dB. Furthermore they offer advantages over klystrons,
magnetrons and travelling wave tubes because of their relatively
low supply voltage, very light weight, absence of focussing,
cheapness and easy availability for the frequency band used.
Fréquency drifting due to electrode temperature effects was reduced
by obtaining the filament heater supply from'a constant voltage
transformer. The slight frequency instability that remained is of
no consequence in the present technique since no phase measurements
are made, |

The ferrite circulator isolates the transmitter from the
receiver. When measurements were made at frequencies where no
circulator was available, a straight-forward T-junction was used,

'resulting in a 6dB reduction in the amplitude of the received echoes.

The receiver system consists of a prdtective TR device. (TR =
Pransmit-Receive), a point contact diode mixer, a local oscillator,
low-noise intermediate frequency preamplifier and main amplifier.
To receive a large number of echoes the receiver system must have
as good sensitivity as is practically possible, be fairly linear,

and free from blocking and other time-constant effects. The
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choice of a superheterodYne receiver was imperative as this is the
one capable of the best noise performance. _?he low power disc |
seal triode local oscillators utilised high-Q resonani cavities
as theilr tank circuits, so the noise power coupled out of them at
a frequency 30Mc/% away from the local oscillator frequency was
negligible and therefore a non-balanced mixer arrangement was
chosen due to its simplicity and ease of frequency changing.

A bzlanced mixer would have necessitated the duplication of most
of the units of the receiver system for every selected frequency
. of operation but would have had the advantage of improved
sengitivity by étOpping the signal frequency getting into the

local oscillator circuit.

A serious problem to be overcome in the design of the receiver
system was the protection of the mixer diode from burn-out bf the
2kl transmitter pulse., The use of a ferrite circulator to
isolate the transmitter from the receiver reduces the transmitter
power reaching the receiver by 10-304B prpvided the circulator is
properly adjusted and there is perfect maich between circulator
and load. Since it was desired to use the receiver at times when
the transducer cavity either during adjustments or due to any
other reason was nof exactly on tune and therefore reflected most
of the transmitter power back to the recelilver, the mixer had o
be able to withstand the applicatidn of the full transmitter power.
IFirst a thermionic mixer stage was built utilising a special BAS2
disc-seal diode in 2 tunable ‘cavity, but the noise figure achieved
was found to bé some 204B worse than that of a receiver with a
low-noise semiconductor diode. So a TR switch was constructed
and placed between the mixer and the circulator‘affording the use
of a low noise high quality mixer diode. A diode type 1N41l6F -
manufacitured by Microwave Associates Inc. was found to be
satisfactory. The TR swiich is a passive nonlinear device

limiting at 100mW, It gives an insertion loss of only 2d3B for



signals below 100mV¥, but a2ttenuates those signals above ihis
level down to 100mW practically independently of original power.
“The TR device also acts as a frequency preselector, since only

signals within the pass band of the TR cavity reach the receiver.

The effective bandwidth of the receiver is 2lic/s with a
Gaussian rather than a rectangular pass—band. The sensitivity of
a pulse amplifier paés—band is 1.2 times the reciprocal pulse
width (Lawson and Unlenbeck, 1950) so 2Mc/s is optimum for the
detection of a O.ﬂuséc pulse. The bandwidth is defined by the IF
preamplifier. This relatively narrow bandwidth gives the
displayed echo pulses a rounded top. Such a pulse shape proved
to be ideal for pulse amplitude measurements when the echo pulse
and a much wider comparison pulse are alternately displayed on

the oscilloscope screene

A pulse of variable width from the pulse control unit blanks
the receiver until the transmitter fired. A safety switch breaks
the triggering line to the thyratron of the modulator if the keep-

alive power supply of the TR device is switched off,

A comparison signal was obtained from one of a number of
UHF signal generators, as sﬁown in the list of Section 6.9, All
" these signal generators contained a built-in calibrated piston
attenuator. .A separate piston attenuator motor driven, with
push-button controls was also built from standard X—band-waveguide,
but was used for checking purposes only. As most of the
measurements were carried out in the 450-1200Mc/s frequency range,
the piston attenuator of the Hewlett—Packard 612A signal
generator was modified to include a vernier dial giving a best

readability and resettability of 0.04dB. No deviation from
linearity was found on this piston attemuator even with the

vernier dial, provided the top 15dB of the available output range

was not used.
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The most convenient way 10 inject the comparison signal is
into the transducer cavity by a loosely coupled loop. Then the
comparison pulse undergces exactly the same processes of mixing,
amplification, eic. as thé echo pulses, and the comparison signal
generator is sufficiently isolated from the transmiiter. The echo
and comparison signals amplified by the receiver syétem.are
displayed on an oscilloscope. A Tekironix type 585_is used because
this was found t0 be unaffected by stray radiation from the high

voltage pulse modulator.

The display is not demodulated: it fully contains the 30Mc/s
IF carrier. Video noise due 0 crossmodulation in a video detector
is thereby avoided and also it is less tiring on the eye during
measurements. The various controls on the pulse control unit make
it possible to chose beitween the following methods of comparison
pulse display: |

1) A narrow comparison pulse is injected in turn beiween the
. successive echo pulses and adjusted in height by the piston
attenuator till it 'is of the same amplitude as the adjacent pulse.

2) The oscilloscope is triggered twice during the pulse
repetition cycle. During the firsf half cycle the echo train is
displayed and during the second half cycle the comparison pulse .
is shown resulting‘in an apparent superposition of the two signals
without any beating effects. Adjusting the ceoumparison signal
amplitude until its height exactly coincided with the uppermost
portion of the echo to be measured was very easy.

3) Simultaneous display of the comparison pulse both in thé
first and second half cycies. There was no detectable difference
in the heights of the'twé'comparison pulses except'for the first
6usecs after the transmitter firing when the TR and the receiver

were not yet fully recovered.

The system needed a few hours operation to attain full
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stability, therefore a timeclock was provided to switch it on -

2 hours prior to the start of a measurement. The whole system is
energised by a Servomex mains stabiliser giving a constant 240V
output up to 94 loading. The various HT and filament voltages
required for the operation of the electronic circuits were

obtained from a number of stabilised power supplies.

A detailed bloék diagram is shown in Fig. 6.2 for operation
at lOOOMc/s, while the photograph of Fige. 6.3 shows most of the
electronic system Wiﬁh the exception of the transmitter rack.
The photograph also shows one of the transducer cavities ready

to be immersed into the low temperature thermostat.

The dotted lines of the block diagram represent the flow of
timing pulses. The symbolised coaxial line shows the path of the
r.f. signals. All actual r.f. connections are made by 0.420" 0/D
high quality coaxial cables, General Radio airspaced coaxial lines

and GR or N-type coaxial connectors.

The congtructional and operational details of those units
that have been specifically designed and built in the course of
the present work are described in the following subdhapters. A
list of standard equipment that has been made use of is given in

Section 6.9,

6.2 PULSE CONTROL UNIT.

The pulse control unit was constructed to supply the necessary

low-level triggering and modulating pulses for the measuring system.

Its main sections as shown in the block diagram of Fig. 6.2 are
described in detail below in conjunction with the circuit diagrams

of Figse 6.4~-6.6. The power supplies are common to all sub-units.
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The HT supplies are applied through a 2 minutes thermal delay switch
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and are automatically disconnected in case the =150V supply is cut

off. The pulse control unit cons1sts of 3'main sections.

a) Timing section. 4 free-running mu1t1v1brator built
ground valve V2 defines the pulse repetition frequency of the whole
measuring system. Valve V2B is offyfor O.2msec. and on for 0.25
- Smsec. dependent on ihe setting of potentiometer Fl. The negative-
going edge of the rééultant asymmetrical square wave is used both
to obtain after differentiation and amplification a 30V positive
spike called "double prepulse™ connected to a socket on the front
panel via the cathode follower V194, and to trigger the bistable
multivibrator V5B by two silicon diodes. The symmetrical square
wave obtained from V5 at half the repetition rate of the double
prepulse after shaping is available of either polarity at the
cathode follower terminals 1 or 2 , and after differentiation,
amplification and shaping produces the "singié prepulse" of 30V
amplitude at the cathodes of 3 separate cathode followers, at a
repetition rate variable from 180 to 1100c/s. One of the
single prepulse cathode followers ié connected to a socket on the
front ﬁanel, the other two drive the blanking and thyratron

trigger units.

b) Comparison pulse section. A trigger obtained from the
input. socket on the front panel is shaved, amplified and gated by
valves V1, V6B and V19B, Gating is achieved by connecting the
cathode of V1B to the square waves of iferminals 1l or 2 via a
selector switch Sl. Position 1 of the gate selector switch
connects the cathode to HT thereby blocking the transmission of
any trigger pulse through the gate, In pOSitions 2 and 3 the
cathode is connected to terminals 2 and 1 respectively resulting

in the possibility of a trigger pulse either-in the first or in
the second half-cycle. In position 4 the gate is open at'ail times.
The gated trigger pulse triggers the monostable multivibrator built
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around V8 to produce a delayed trigger whose delay is variable from
10 to 200 usec ‘in the normal position of switch 52, and from 180

to 400usec in the extended position. éThe‘deléyed trigger drives

the comparison pulse monostable multivibrator (V10), the pulse width
of which is adjustable by potentiometer P4 from 1 to 20usec.

A square wave fed via the on—-off switch and a cathode follower is
added in the fight polarity to the comparison pulse to produce a
square wave modulation in addition to the narrow pulse modulation.
The combined pulse and square wave modulation, ciamped to 10V
amplitude, is available af two BNC sockets on the froﬁt panel from

an effective 50() source impedance.

¢) Blanking and thyratron trigger sections. The single
prepulse from terminal 3 triggers a monostable multivibrator built
around V12 to produce éfter some shaping and amplification a negative—
going pulse of 60V amplitude, This pulse blanks the IF main
amplifier while the high—power‘transmitter is on. The single
prepulse from terminal 4 triggers a monostable multivibraior (V14)
giving a positive trigger .of Jusec fixed delay to drive a blocking
oscillator (V17 & V18). The output of the blocking oscillator is
available from a socket on the fronf panel to produce a 150V spike

-of 0.3usec duration across T5Q.

" The pulse control unit operates in conjunction with the
oscilloscope time base . During routine measurements only the
oscilloscope controls need adjustment. The operation is described

assuming an alternate echo-~comparison pulse displaye.

The timing section of the pulse control unit provides a
prepulse ("double prepulse") at twice the operational pulse
repetition rate to trigger timebase B of the Tektronix 585
oscilloscope. A "delayed trigger" is available from the oscilloscope,

the delay being variable by a 10-turn potentiometer from O to 100%
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of timebase B, This delayed trigger connected to the input socket
of the comparison modulator section after some slected gating and
delay triggers a modulator pulse to externally modulate the
comparison signal generator. In position 2 of the gating switch
(Fig. 6.5) only those alternate delayed double trigger pulses are
allowed to turn on the comparison pulse modulator that come in
the second half of the period between the single trigger pulses.
Therefore the echoes and the comparison pulse will be displayed

on the oscilloscope alternately.

In the "A intensified by B" position of the oscilloscope
"horizontal display" switch a small portion of the trace is
brightened up starting at a time_defined by the "delayed trigger'.
The intensified portion of the trace can be made to include only
one echo pulse and a superimposed comparison pulse.,  Putting the
"horigontal display'" selector to the "A delayed 5y B" position
only the previously selected echo pulse and the comparison pulse
appear on the screen, and then turning the 10-turn delzy
potentiometer has the efféct of moving the echo train horizontally,
while the comparison pulse behind them remains stationary.

M

6.3 HIGH VOLTAGE MODULATOR.

The modulator unit and its pdwer ‘supply was originally
constructed by M. Redwood and E. Heasell and a detailed description
of its operation is given: by Rgdwood (1957). The power supply'iS'
capable to give an optput continuously variable from 0 to 4000 volts
at 50md. The circuit diagram is reproduced in Fig. 6.7. Resonant
charging is applied through the oil~insulated choke L and the
thermionic hold-off diode HR8. The half-period of the resonant
charging is lmsec, defining the maximum pulse repetition frequency

as lke/s.
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Since the modulator was called upon'to deliver shorter pulses then those for
which it had originally beenvdesigned, the thyratron tyne of the original modulator o
was substituted by g 4035 and the sssociated circuit rearranged ard modifisd to
mininise the detrimental effect of stray capacitahces on the ‘pulse rise-time. OFf
the possible designs of a thyratron puiser the one adopted gave the best rectangular
pulse shape. A telcon type Z3M delay cable of 330{2characteristic impedsnce and
IOZpsec/iOOft delay is discharged by the thyratron on application of e short 150V
trigper pulse to the thyratron grid, and the polarity of the resultant ouiput pulse
is inverted by a high performance pulss transformer. Since the UHF vlaner triode
oscillators represent a load of a few k&) additional resistances were connected to
both the primary and éecondary sides of the trensformer to maich the totel load to
the 330!1impedance of the cable. These added resistances also make the modulator
relatively insensitive to variations of external load impedance., The required
width of the modulating pulse was obtained by connecting a suitable length of cable
to the thyratron anode, and the vulse amplitude was defined by the setting of the
variable transformers The flatness of the top of the pulse depended a greet deal
on the uniformity of the csble: it was found necessary to wind the ceble accurately
in one layer on a large insulating drum. Substantially rectengular pulses were

obtained with 50nsec rise and fall-times es illustrated in Fig. 6.8

6.4 PLAVAR TRIODE OSCILLATORS.

A number of high power oscillator units were designed and constructzd using
UHP planar triodes type 20394 mounted in cavity resonators. The oscillators are
basgically grounded-grid amplifiers with vositive feedback. The operation of such
oscillators at low microwave frequencies is described in Appendix I together with
the resvlts of measurements on one of the cavities. The anode-grid circuit of the
oscillator is a re-entrant cavity resonator consisting of a length of short-—
cirveuited coaxial transmission line shunted with the énode gap sdmittance. The
real vart of the anode gap admittance is low enough (c.f. Table A.1) s0 that the
Q@ of the resonator is high. On the other hand the cathode gav conductance’

‘represents a fairly good'match to the
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a) Trigger pulse on thyratron

grid without the thyratron
firing. Vertical scale SOV/cﬁ.
Timebase O.2psec/grid cm

throughout.

b) Waveform at the primary of
the pulse transformer.
Vertical scale 1000V/cu.-

c) Waveform at theisecondaﬁy;

- (The fast ripples on all the traces
are due to the interference of
the high power modulator with the

operation of the oscilloscope.)

d) Rectified 500Mc¢/s rf.

 transmitter pulse.

e)’ As above, after passing
through the pass-band of the

double~tuned transducer cavity.

f) The TR device limiting the
transmitter pulse. (Scale 200
times greater than in the

previous two pictures.)

FIG. 6.8 MNODULATOR WAVEFORMS AND RF. ENVELOPES.




characteristic admittance of coaxial lines of practicable
dimensions making the cathode~grid circuit essentially non-resonant.
The output power that can be coupled out of the anode-grid cavity

is typically 2kW.

Constructional details are shown in Figs. 6.9 and 6,10, The
cathode~-grid circuit is coaxial with>the grid-anode circuit and
is placed inside it. All connections to the valve are made by
phosphor-bronze spring-fingers. The spring fingers contacting the
anode ring of the valve are insulated from the rest of the
oscillator which is at DC ground potential by a thin PTFE washer,
and the connection from this anode ring to the EHT modulator is

made via an r.f. choke. A typical modulator pulse is 3kV amplitude

124

and O.Tusec duration. The r.f. choke together with the capacitance -

of the gap containing the PTFE washer forms a low-pass filter with
a cut—off frequency high enough to pass all the important harmonics
of the modulating square wave but stopping the leakage of r.f.
energy back to the modulator. - The anode block of the valve with
its cooling fins, the r.fs choke and the EHT connector are

enclosed in a diecast box for screening and safety.

Three oscillator unite have been constructed for a 50lc/s
band about the following frequencies: 500 or 1500Mc /s, 720Mc/é;
1000¥c/s. The position of the short-circuit block is fixed
experimentally to.give the required centre frequency, and fine
tuning is obtained by screwing the 3 tuning slugs in or out of

the cavity.

Power to the external circuit is coupled out of the ancde-
grid cavity by means of a rotatable coupler loop. DPower hds also
to be fed back to the cathode—grid clrcult %0 maintain osclllatlons.
"In the 720Mc/% and IOOOMc/% oscillators this is done by

connecting a second loop placed in the anode-grid cavity straight
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4o the cathode. In the 500/1500Mc/s oscillator (Fig. 6.10)
capacitive feedback is used, the degree of feedback being
adjustable by a micrometer screw and the amount of feedback
determining whether the oscillator be working at 500 or lSOOMc/S.
The feedback capacitence is unusual in that it is formed between
the micrometer barrel and a concentric cylinder fixed to the
cathode contacting fingers, the intervening space being comp}etely

filled by a PIFE sheath to prevent sparking.

In all the oscillators a movable short-circuiting plunger'
is provided in the cathode-grid space. Thus the admittance seen
by the feed~back loop is the sum of the admittance of the input
gap of the VaIQe and the susceptance of a length of shori-
circuited transmission line. Alteringbthe position of the
short—circuit alters this admittance and thereby varies the amount
and phase of the feedback. Feedback is maximum when the length

of the line is approximately quarter wavelength.

6,3V stabilised heater voltage is applied to the heater
ring of the valve through the bore of the centre electrode of
the cathode cavity and decoupled to 1t by a mica capacitor. The
transmission line formed by the heater wire and the metal tube
around it is a half wavelength long to stob r.f. leakage via the

heater lead.

6.5 CIRCULATCR.

The Y-junction ferrite circulator incorporated in the _
measuring system is a Micromega NL215T as this was the only type
available for a reasonably wide frequency band below lkﬁc/% at the
time of building the apparatus. It is of strip-line construction
and operating in a narrow frequency band between the limits of

750 - lOOOMc/é depending on the strength of the bilasing magnetic
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field, which is provided by two axially magnetised hard-magnet
discs on each side of the stripline structure containing the
ferrite. The hagnefic field can be increased or decreased by
moving one of these permanent magnets nearer to, of away from the
other magnet respectively; by a large central screw. Iron plates
fixed to the outside of the circulator housing complete the magnetic
path. It was found, that removing these plates so decreased the
blasing field that the operating frequency ranse fell between
440 and 730Mc/s, with the performance of the circulator deteriorated,
“but still usuable. In the original working range typical isolation
is 283B with 0.2dB insertion loss. In the extended range isolation:
is 10d Bwith 1dB-insertion loss, |

When measurements had to be taken at frequencies outside.the
440 - 1000Mc/é band simple non—circulating coaxial T junctions were
used.

‘

6.6 TR DEVICES,

The TR devices act as limiters to protect the receiver against
burnout or aging. They are based on one or two TR cells mounted
in the high electric field portions of cavity resonators. The
r.f. gap of the TR cell contains an easily ionisable gas mixture
and brezks down under the application of high r.f. fields across
it, thus detuning the Qavity ;tops the transmission of power from

the input to the output terminals (Smullin and Montgomery, 1948).

At the beginning of the transmitfer pulse there is an initial
mumber of electrons present in the r.f. gap. As the transmitter
voltage increases it accelerates these electrons unﬁil they atﬁain
sufficient energy to produce further ionisation through collisions.
Then the electron density rapidly increases and begins to shorit-

circuit the gap and reduce the power transmitted through the cavity.
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The rate of ionisation continues to increase as the power increases
until an equilibrium is reached with the incident power. Typical
transmitted waveform is shown iﬁ Fige 6.8f. The waveform staris
to rise with‘the unlimited pulse rise-time until the iénisation
avalanche happens. Then the amplitude drops to a constant low
level. With 1kVW input power the spike energy was estimated to De

0.lerg/pulse.

The spike leakage energy varies inversely with the number of
electrons initially present in the gap. To provide these electrons
a continuous keep—alive discharge is maintained very near to the
- r.f. gap, but completely shielded from it, by a 1000V EHT power
supply whose circuit diagram is shown in Fig. 6.11. The polarity
of +the field across the keep—alive gap is such that it tends to
sweep the electrons into the r.f, gap th;ough a small hole in the

centre of the disc—-seal electrode. -

The keep—alive circuit is liable to relaxation oscillations.
The rise of voltage on the keep-alive electrode is determined
. by the time constant RC formed by the charging resistor R
of the order of liegohms and stray capacitances €., When this
voltage reaches a sufficiently high value the gap breaks down
and discharges the capacitor with the very small time constant
RDC until the voltage drops to extinction level. The discharge
then goes out and the voltage builds up zs before. This sawtooth .
pattern is repeated periodically. It was impossible to completely
suppress this relaxation oscillation, therefore it was made either
to have such a ﬁigh frequency (= lilc/s) that even though the
discharge is periodically extinguished, the density of electrons
in the r.f. gap experiences only small fluctuations, by placing the
current limiting resistor of 1.5MQright at the TR cell or, to
have a frequency near the operational pulse repetition rate by

increasing the shunt capacitance in which case the relaxation
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oscillation synchronised with the transmitter pulse. Although
the latter method resulted in somewhat higher spike leakage, it
was found more safisfactory than the first, where eVery time when
the keep~zlive discharge struck a strong interference was picked

h
up by the receiver resulting in an apparently increased noise.

The transmission of power by the TR unit (approximately
10mY for both TR devices built) after the spike is over is the
result of a voltage drop across the ».f. discharge. It is the
characteristic of lonising discharges that this drop is
practically independent of the current in the discharge, but is

dependent on the gas filling and its pressure.

After the power has fallen to gero the r.f. gap deionises
during the recovery period by diffusion, collision with positive

ions, and mainly by the capture of electrons by .0 gas included

2
for this reason in the gas filling mixture due to its high electron

.capture cross—-section. The measured recovery time constant is

3usece

Two TR units were constructed, one to cover each of the
300-600lc/s and the 600-2000Kc/s frequency ranges.

The 600-2000Mc/s TR device (Fig. 6.12) consists of a coaxial
re-entrant cavity whose re-entrant gap contains a Ferranti type
QF10 TR cell. The cavity is tunable by turning the tuning shaft
which drives a short~circulting plunger by a steel pin through a
slot along the inner conductor of the cavity. Good contact
between the plunger and the metal walls is assured by helical Contacting
springs closely wound from thin gauge phosphor-brongze wire placed
in grooves cut in the cylindrical surfaces of the plunger.
The position of the plunger is indicated by a digital counter placed
next to the tuning knob. (600Mc/s = 0054; 1000Mc/s = 0590)
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Coupling to and from the cavity is made by fixed coupling loops. The
Q of the cavity is 250 at 1000Mc/s giving the approximate width
of its passband as 4lc/s. .

The 300-600iic/s TR device (Fig. 6.13) consists of two coaxial
re-entrant cavities coupled together stronger than critical to
increase the bandwidth. The construction of the cavitiés is
rather unusual since the high-current end with the rotating
coupling loops is fized and the re-entrant gap is movable. One
Ferranti‘type QF10 cell is fixed into each moving gap assembly.
EBlectrical contact between the gap assembly and the outer c¢ylinder
of the cavity, and also between the centre conductor and the end
wall is obtained by helical spring contacts as before. Although
the spring is in a place of high electric fields there are no
sparking problems since under high power conditions the TR cell
gap breaks down first before sparking could occur at the springs

or at sharp corners near them.

Tuning is achieved by moving the gap assembly axially with
the help of the cavity centre electrode. Coarse frequency setting
is by loosening the locking screw and shifting axially the coarse
tuning knob. Fine tuning can be obtained by tightening the
locking screw, thereby clamping the centre electrode to the

 spring-loaded sliding plug and then rotating the fine tuning screw.

Input and output couplers are rotatable loops. Hutuzgl
coupling between the two cavities is also accomplished by two
large loops connected together by a short coaxial line (see Fig. 6.13)
and rotatagble by worm-gear drive. The angular position of the
plane contzining the two loops is identified by the reading of
the vernier digl. The low-power frequency response from input
"to output terminals was checked by a Philips type G2877 sweep

generator as a function of dial setting, and is shown in the
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photograph of Fig. 6.l4a, where centre frequency is 330Mc/é and
sweep rate is 0.5Mc/s/cm. The curves corresponding to settings
0.00 and 1.00 coincide with the base line. Strongest coupling
shown is 7.00 when the loops are nearly in the same position as
shown in the drawing of Fig. 6.13., At higher frequencies the
mztual coupliﬁg is stronger and at 600Mc/é the response curve

at maximum coupliﬁg divides into two separate humps. 'SOOMc/s is
the upper limit of operation of this unit because then in'the‘k/4
mode the dielectric ring of the moving gap assémbly is right at
the coupling loops, and although operation at higher frequencies
in the 3)/4 mode would be possible in principle the pefformance
of the device would not be satisfactor& due to the self-resonance

of the large loops.

6.7 MIXER.,

The heterodyne single—ended mixer was adopted from a GR 874MR
rectifier mixer. It consists of a short section of coaxial line
with a 25000 series reSisfor and a kicrowave Associates type
1§416F silicon mixer diode (see Fig. 6.15). The output of the.
local oscillator is applied to the diode through the resistor,
while the signal is applied directly. The 25000 resistor assures
that the impedance presented to the sigpal‘frequency will always

be reasonably high and independent of local oscillator matching.

The mixer did not represent 50Q for the signal. (The VSWR
varied between 4 and 7.) To obtain a better match two or three
stub tuners were piaced in front of the mixer. These stubs were
so adjusted that while they improved the match from the TR cavity
to the mixer at the signal frequency, they also transformed the
very low impedance of the TR cavity coupling loop at local

oscillator frequency to a high shunt impedance at the diode.
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a) Low level frequency res-
ponse of double cavity TR
device. Sweep rate 0.5Mc/scn,
centre freéuency at 330Mc/s.
The various traces are due to
the coupling control set at
0.00, 1.00 (indistinguishable
from base line), 2.00, 5.00;
4,00, 5.00, 6.00 and 7.00.

b) The echo train as seen
after passing through the
receiver., BC No 1 rod in
tangential field cavity at
room temperature. ZOpéec/cm‘

horizontal scale.

.¢) One of the échO'pulses
from the train above. The
30Mc/s IF carrier is just
perceptable. O.5psec/cm

horizontal scale.,

FIG. 6.14 FREQUENCY RESPONSE QF TR DEVICE AND VARIOUS RF., ECHOES.



137

The r.f. signal is heterodyned down to the intermediate
frequency of 30lic/s. Various commercial oscillators and signal
generators (c.f. Section 6.9) served as local oscillators. Best
noise performance was obtained when the local oscillator power
and matching situbs were so adjusted that the rectified current as
monitored by a milliammeter was O.5mA. The impedance of the
crystal dc return is 1000 The IF signal is fed through a low-
pass filter with cut—off frequency'of 40Mc/% to the IF head

amplifiexr.

6,8 IF AMPLIFIIR,

The head amplifier is a cascode circuit (Fig. 6.15) built
inside a small diecast box right at the IF connector of the mixer.
When operated at 0.5mA rectified cxrystal current the mixer presents
an effective 40002 impedance to the grounded cathode first stage
of the amplifier, ‘This 40000 is near the optimum grid input
impedance for low noise performance. & neutralising coil is
provided to tune out the grid-anode capacity obtaining a slight
improvement in noise figure. Due to theAhigh gain of the first
stage the noise figure of the whole amplifier depends predominantly

on the noise introduced by the first stage.

The second stage is a grounded grid stage forming the anode
load of the first valve. The low input impedance of the grounded
grid circuit results in good stability and good power match

between the stages.

The complete head amplifier gave the following performances

figures: B
Centre frequency 30Me/s
Bandwidth 2ilc/s
Noise figure 1.5dB

Gain 30438
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The main amplifier (Fig. 6.16) consists of 3 stagger—tuned
stages and a cathode follower to provide a non-demodulated outpui
into 75Q. The 5Mc/s bandwidth of the main amplifier makes the
alignment of the head amplifier relatively simple. The input grid
of the first valve is driven beyond cut-off by a 50V negative
blanking pulse from the pulse control unit whilst the main
transmitter oscillator fires. Semiconductor diodes clamp the
blanking pulse and isolate the blanking circuit from the IF
amplifier. A variable gain control without noticeable detuning
effects is provided by altering the screen-grid voltage of the
pentodes. A4ll filament heating is obtained from a 6V/AA'dc power
supply. Great care was taken during the construction of the
amplifier to minimise blocking effects and also to have a good

square-wave response even at very low pulse repetition frequencies.
The overall sensitivity of the receiver system was -103dBn

for a l:1 signal-to-noise ratio resulting in a noise figure of

8dB at 500uc/s. Overall voltage gain was 75dB, substantially

lincar for r.f. input voltages less than 0.1nV,

Typical amplified pulses are shown in Pigs. 6.14b and 6.14c.

6.9 LIST OF STANDARD EQUIPHENT,

Signal génerators: ‘ -
Hewlett—Packard 6124 (450~1200Mc/s)
Hewlett-Packard 6144 (800-2100Mc/s)
Advance Instruments L1/20 (300-1000Mc/s)
Marconi TF 801 (10-470Nc/s)

Philips G 2877 sweep generator
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Oscillators:

General Radio Unit Oscillator GR 1208-C (65-500c/s)
General Radio Unit Oscillator GR 1209BL (180-600lic/s)

Oscilloscones:
Tektronix 585
Hewlett-Packard 185B 1000lc/s sampling oscilloscope

Power meters: _
Hewlett-Packard 430C Thermistor power meter
Hewlett~Packard 431R i
.Hewlett-Packard 477B Thermistor mount
Hewlett-Packard 4784 "

Power supplies:
Servomex AC2LkIIB mains stabiliser
APT 4213/1
APT 4213/2
Advance DCQ‘
Advance Volstat CV1504 constant voltage transformer

Miscellaneous:
GR 874 LBA slotted line
GR 1602 B UHP admittance bridge
Sanders VSVWR amplifiers MkIIT
ABEI Selective amplifier k3D
Sanders Diode mounts CON/S16

Hewlett~Packard fregquency meter 5364

GR coaxial elements
Coaxial line oscillator (180-500ic/s) constructed according.

to drawings supplied by STC
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CHAPTER 7.
TRANSDUCER SYSTEM l: THE QUARTZ CRYSTALS.

7.1 CRYSTALLOGRAPHIC ORIENTATION

The transducer system of the present work consists of a quartz
rod and an electromagnetic cavity resonator., One of the flat surfaces
of the rod acts as a piezoelectric surface transducer, while'the
cavity, into which the quartz rod is inserted provides an electric
field of high intensity and of suitable direction and spatial

distribution at the piezoelectric surface.

Below about 100Mc/s fused éuarté is used extensively for visco-
elastic measurements. At higher frequencies however, the intrinsic
attenuation of fused quartz becomes too high for accurate viscoelastic
measurements even at room temperature; below liquid nitrogen temp-
eratures there is & very wide absorption peak where the attenuation
increases to several hundred dB/em at 1lklc/s, (Jones et al. 1964).

At the outset of-this work it was realised that a medium with much
less attenuation has to be useds Silicon éingle crystals were tried
(in the 111 orientation deéenerate for shear waves) which gave an
improvement of about 3 times over fused silica, but the very serious

problem of attaching resonant shear transducers to the silicon still

remained. So cxrystal quartz was selected as the propagating medium
its attenuation was known to be less than that of fused gquartz,
and being piegoelectric, surface excitation could be used., The
‘abolition of resonant transducer and bond contributed greatly to the

high accuracy and repeatability of the present system.

Although direct surface excitation of microwave acoustic
waves was first observed by Baranskii (1957), the theory of
surface excitation has only been developed for the first time in
connection with the present work (Chapter 4).
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Bommel and Dransfeld (1960) and Jacobsen (1959, 1960) succeeded in

generating and detecting both longitudinal and shear waves along
certain crystallographic directions in quartz. In all these
experiments the electric field was normal to the excited surface as
in a conventional attached transducer. Tangential fields were used
by Bechman (1960) to excite an AT-cut thickness shear resonator
around 1lic/s. The fact that any of the three acoustic modes can be
surface excited practically independently of crystallographic
orientation by lining up the electric field with the preferred

direction of excitation (Equation 4.20) has not been realised before.

The quartz crystals take the form of short circular cylinders
closed by carefully polished flat parallel surfaces. A porition of
their surface acts as the source of acoustic energy. The diametexr
of the acoustic beam is usually much smaller than the diameter of
the rod. The length of the rod defines the maximum pulse length
for good separation between successive echoes. The rod axis is.
oriented along a selected direction in the crystallographic

coordinate system.

For the investigation of the viscoelastic properties of liquids
under coyclic shear stress, the first requirement from the selected
crystallographic direction is that it should be able to propagate a
pure shear wave., From Figs. 5.6 and 5.7 it is evident that seven '
groups of such directions exist, generating seven closed curves on
the surface of the unit sphere. All the rotated-Y directions
(directions in the YZ erystallographic piane) and the X crystallo-
graphic direction are among the group capable of supporting a

pure shear mode.

It is useful if the velocity surface of the acoustic mode ih
question has a maximum or a minimum in the selected crystallographic

direction. Then a small misorientation obviously does not cause



144

appreciable change in the value of acoustic vélocity and impedance.
llore important, however, is the fact that in these directions the
energy propagates parallel to the phase velocity vector, i.e. the
rod axis. (The beam direction is normal to the tangent plane of the
inverse surface (Appendix G) which is now also at a stationary
value.) When the beam angle deviates from the direction of phase
_propagation theie is no cumulative error at reflection. The beam
returns on itself when reflected from a plane surface which is
parallel to the surface of excitation: the ﬁower flow is given by
P, =~ Tijjwuj ="wk°i;jk2ukuj | 7.1,
and all three components change sign when the sign of k is changed.
At large beam deviation angles the acoustic beam is reflected
between portions of the end surfaces which are not directly opposite
to each other and might be considerably out of parallelism. When
the axial length of the rod is relatively large, the acoustic beam
can be reflected by the side surfaces and be completely lost for
further coherent detection. The construction to find the angle
of reflection in this curious case of parallel incidence is shown
in Appendix G (Fige Ge2).

There are five possible orientations where the shear velocity
is either maximum or'minimum, three of which are pure shear

orientations. These are the X, AC and BC directions.

Those orientations that possess a degenerate shear mode (e.g.
Z~cut quartz or the 111 direction in a cubic crystal) are considered
particularly useful when a separate resonant shear transducer has
to be attached to the anisotropic crystal rod, since then there is
no need to line up the movement of the transducer with the
polarisation of the required mode in the crystal., In the above

mentioned two examples, however, the velocity sﬁrfaces cross each
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other forming a double cone. For silicon the external semicone
anglelb 12° , 80 the energy deviates from the axis also by 12° in
a direction normal to the direction of mechanical dlsplacement
(usgrave, 1956). 4 slight misorientation 8 of the rod axis from
the true crystallographic 111 direction produces a difference
~in the velocities of the (now non~degenerate) shear modes, with
_AT’I = tan(}.tané, ’ T.2
It is not possible in practice to keep the misorientation angle &
small enough and the two modes always arrive back for detection
with appreciable phase difference, causiﬁg serious interference
effects. On removing and replacing the transducer it is likely
that the phasé difference is changed and that the acoustic beam
is reflected from a different portion of the reflecting surface,
than originally. This might explain the lack of reproducibiliﬁy
of the deéa& patterns when a 111 oriented silicon rod was used
for acoustic attenuation and some checking purposes in visco-
elastic measurements. For this l.5cm long,silicon specimen the
difference in the two shear velocities was so great that after the
11lth echd the decay pattern separated into two sets of pulses.
The'measured velocity difference between the two modes indicated

a misorientation angle of 2.50.

Another requirement from the crystallographic orientation
is to allow the excitation of the selected shear mode with
maximum efficiency with the other two modes only very slightly
excited. Figse. 5.12 to 5.14 show that the Z orientation’ does not
excite the 10ng1tudina1 mode at all. There is another minimum

in the longitudinal excitation near to the BC orientation.

The preferred directions of excitation, unlike the directions

of mechanical disjlacement, are not mutually perpendicular, and
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even if the electric field lies entirely in the preferred direction
of the wanted mode, there.is no guarantee that it will not excite
' the unwanted modes. For both the BC and AC orientations the
preferred direction of excitation of the pure shear mode makes an
angle of 90o with the preferred direction of the other two modes,
thus allowing to suppress the unwanted modes by careful cavity
design. For the X orientation the preferred directions of excitation

of the two shear modes coincide.

It is most important that the crystallographic direction
selected for viscoelastic measurements had a low.attemuation for
the pure shear mode. After developing a successful exciting cav1ty,
the attenuation of the excitable modes of the available quartz
specimens have been measureds. The results of these measurements
are given in Chapter 10, The pure shear mode (=FS) of the BC and
the FS mode of the X orientations have the lowest possible

attenuation for an acoustic wave in quariz.

On account of the foregoing arguments the pure shear (FS) mode
of the BC will be used, as the most suitable, for viscoelastic
measuremenis. Its preferred direction of excitation for the wanted
shear mode lies in the YZ plane making an angle of approximately
60° with the internal surface normal. The acoustic displacement
is in the X crystallographic direction. The only disadvantage
of the BC pure shear mode is its high acoustic impedance (1.4MQ2).

7.2 PREPARATION OF THE CRYSTAL SPECIMENS.

.The quartz specimens ‘that have been used for viscoelastic or
acoustic attenuation measurements are listed in Table Te.l. They
are all X-cuts or rotated Y-cuts. The sides are usually marked
with two fine lines to define the position of the YZ or XZ planes,

whichever is appropriate.
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With the exception of specimens no. 3 and 4, all the Tods
were cut from the natural occuring rock erystal. No difference
in acoustic behaviour was found between the natural and the
synthetic crystals. The latter, however, were etched more easily,
and the surface could become pitted under accidental electrode
sparking. No detrimental effect of sparking was found on the

natural crystals.

The following are the basic requirements from the prepared
rods: '
 To be homogeneous single crystal without apparent defects.
Axis of rod to be in the specified direction within the
allowed manufacturing error.
. To have optically polished end surfaces, flat and parallel

within at least 10 seconds of afc.

| The crysfallographic axes of the raw material were identified
by some of the characteristic faces of the unpolished crystal and
the cylinders cut in the required orientations by the supplier.
The X, T and Z crystals have their rod axis parallel to the
appropriate crystallographic axes within 30¢, The specification
of the rotated Y-cut BC, AC, etc. directions requires a prior
knowledge of the elastic constants of quartz., The BC specimens
obtained by this laboratory in 1959 and before had their angles
at -59°00'. B¢ crystals ordered after 1960 had their angles
specified at 58015'. (With the present knowledge of the elastic
constants the angle is put at 58°29'.) The Hackbridge Works of
the Marconi Co. Ltd. could keep a manufacturing tolerance of 12!
on this angle, although the misorientation out of the YZ plane
was not guaranteed better than 36'. They worked to half of
these tolerances in cutting, but additionai errors arose in

lapping and pdlishing.
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Once the crystals were in rod or disc form their orientation

" could be checked by X-rays only. With the X-ray equipment
.available only rough checks were possible to be made on the
orientations., These checks showed that the orientations were -
nearer to the symmetry planes fhan guaranteed. The rotation angles
of the used rotated Y-cuts being not contained in crystallographic
dense planes could only be checked within +1°% for relative
position between some more symmetric direction; (e.g. (01.2) and
(01.3) for the BC cut — see Fig. 5.2).

The electromagnetic coupling of a few of' the crystals was
found abnormally low. Therefore specimen no. 3 (the worst in
this respect) was lightly etched in HF solution to remove the top
surface layers which might have got damaged and randomly
recrystallised during sawing or any other mechanical working.
After careful repolishing the electromechanical coupling was up
to standard. It was thought that other bad crystals which did

not have this treatment also improved somewhat during use.

T+3 PARALLELISM AND FLATNESS.

If it is required that the whole of the excited plane
wavefront should arrive back to the exciting surface during each
echo in uniform phase, then the distance travelled by any point
on the wavefront should be very nearly the same even after
several echoes, therefore the parallelism of the end faces must

be very good.

Considering an idealised uniform piston source of diameter
2r the total signal received over this same area is given as
oar Yrist . | .
A = // e-jkenSx iy dx 7.3
where n is the number of double pathlengths travelled by the
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wavefront in the z direction in a homogeneous medium, 5 is the
non-parallelism of the endfaces in radians and k is the acoustic
wavevector (Carr and Strandberg, 1962). Integration by dy and
change of variables yields ‘ '

o

A = ~-2r° / e'3k2n5r°°sesin9. 8in®.dd 1.4
J . . .
Then integration by paris gives Sommerfelds integral:
]
2 .
_ 2r ~jk2ndrcosd _ _2 237 (x2rdn)
A= WI‘—- Je cosP.df = r Yorda Te5
+ ‘

If the argument of the first order Bessel function is written
as : '
k2rdn =on ) T.6
where « is the non~parallelism in acoustic wavelengthé over the
piston area and n is the echo number' (as previously), then the
change in amplitude due to non-parallelism is glven by

2 J, (#n) . 1T
on

This function is plotted in Fig. Tele It can be seen that if the
attenuation introduced by non-parallelism is to be less than 1dB
over a train of 40 pulses, the non-parallelism over the piston

area has to be better than 1/40 acoustic wavelength.

The parallelisq of the rods was checked by a Twyman-Green
interferometer. Typical interferograms are shown in the photo-
graphs of Figs. 7.2 as obtained for specimen no. 2., For the
upper photograph the instrument was initially adjusted to give
"~ a uniform brightness all over the field. Introduction of the

quartz rod with non-parallelism A caused a phase difference of

A Ja) ~
¢ = 2(___ - )21\‘ 7.8
Aq ‘ kair
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giving rise to the interference pattern. (A _._and >\qare the

air
wavelengths of green mercury light in air and in quartz respectively).
The number (N) of interference fringes observed under the above

conditions is related to the non-parallelism as

. | o
A = NeXair3po1y = N Aair 049 - 19

where V is the refractive index of quartz. The whole of the
area bounded by the circular dark fringe has a parallelism better
than 1/2 fringe, equivalent to 1/40 acoustic wavelength at 500Mc/s.

The lower interferogram of Fig. 7.2 can be interpreted as’ cross—
sections of the surface cut parallel to the rod axis if the back-
ground lines are dense enough. Examination of pictures of this
kind reveals that the surfaces of the specimen are not absolutely
flat, but are very slightly convex. This proved ta be an advantage
rather than an embarassmeﬂt, because it enabled the selection of
small (say 3 x 3mm) portions of the two opposing surfaces which
for all'pﬁrposes were flat and parallel to their counterpart.

(E.g. in the middle of white central area non-parallelism is O,

while the average angle over the whole sphere is 5" of arc.

7.4 SURFACE FINISH.

Scratches and polishing mérks scatter the beam incident on
a reflecting éurface and thus cause a change in the phase and .a
reduction iﬁ the amplitude of the reflected wave as compared with
an ideally smooth reflector. The change in phase gives the apparent
effect of slightly reducing the length of the specimen, as indeed
Xoga (1958) found in connection with the determination of the
elastic constants of quartz that the effective thicknesses of
his plates with a milky white lustre finish were l.1u 1less than
the measured thicknesses. While it is important to know the exact
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position of the reflecting surfaces in precision velocity and
phase measurements, it is of no consequence in the present technique.
To calculate the loss in coherent reflected signal due to
end-surface scattering it is necessary to know the shape of the
surface. In order to simplify the calculation it will be assumed
at the moment that the surface has réndomly distributed parallel
square grooves along the direction of the shear displacement:
polarisation. (It will be found that the result of the calculation
is not very sensitive to the actual form of the surface cross—
sedtion.) The depth of the grooves is. b and their average number
is r per unit length. (Fig. T.3) They are dependent mbstly upon
the particle size of the final grade polishing powder used in the
preparation of the surface. The chosen direction of the grooves
assures that no conversion occurs between acoustic modes at
reflection. Then following the method of Raleigh (1945) the Fourier
specfrum is obtained for the above random binary function, and the
scattering loss by each Fourier component is calculated. Because
of the complete randomness of the surface the total scattering

loss is obtained by summing the component losses.

b/2 | — —

0 - X

-

-b/2 | I B |

FIG. 7.3 SURFACE CROSS SECTION

The shape shown in Fig. 7.3 is identical to the "random binary
telegraph signal" whose Fourier power spectrum is given by textbooks

on information theory (e.g. Schwartz, 1959 p448.) as
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2
o2 = b /6r > 7.10
1+ (k /4r)°.
with k = 2T n
n L

where L is the length of the surface in the direction normal to

the grooves. Since there is no unique relationship between
waveform and spectrum of random signals, a large number of different
types of signals have the same spectrum. For example the power
spectrum of the random telegraph signal is identical with the
spectrum of white noise passed through an RC network with time
constant RC = l/hr, so the previous assumption of surface cross-

section, however arbitrary, is likely‘to produce realistic results.

Let the incident plane wave of unity amplitude described by

) ., = ej(wt - kz) ~

i
be scattered by a sinusoidal corrugation of the form (Raleigh 1945]
p 89): |

£f(x) = a cos k x

In isotropic medium, for simplicity, the reflected wave will have

the form (with the omission of the time-varying factor)

‘ k_ Mz j ‘
u. = Aoej ® ¥ Aleaf“cosknx f Azeaf&chSEknx *oees T.11
with ' 2 .2 2
[._14 = Kk kn
#f = k% - 4k§ ‘etce | 7.12

For any real value of NM=Mp the corresponding term in the

expression of Equation T.l1 is
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Apej“f’zcospknx = —%Ap{ej(“?z"pknx) + o) (“PZ‘Pknx)} 7.13

-1 Pk
representing plane waves reflected at inclined angles of sin 1 -EE

giving rise to the pth order lateral diffraction.

If k:>kn,p is imaginary, and at distances far awéy from the
reflecting surface all higher order diffracted waves are died out.
In other words when the wavelength of the sinusoidal surface
roughness is less than that of the incident plane wave, normal
reflection occurs and in summing the series (Equation T.1l) only
those terms with k < k have to be considered. Then kn2 can be
neglected when compared with k2 giving

' p=k

thus u sz(A + A;cosk X+ A

. cosZk X + ...) 7.14

2

The condition of stress-free surface requires that

aui -] ur ‘
sz T 2z 0 : 7.15

at the surface (i.e. when z = ancosan), therefore

~jke sz + Jkeakz (A +Acosk T+ sea) =0
o 17"
°T  pjka _cosk x '
e n nT o= A+ Alcosknx + A2c932knx ¥ eee. 7.16

Comparing‘Equation T.16 term by term with the Bessel expansion

00

gdreosfr _ g () - > 2(3)F 3 () cosppx 7.17
' _ p:l .
shows that .
, Ao = Jo(zkan) 7.18
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and therefore the intensity of the normally reflected wave from

the given Fourier component of the surface corrugation is
J %(2ka_) O Ti19
o n

and the amount of energy lost by scattering from this surface
component is
2 ' ,
s, = 1-1J, (2kan) - T+20
Based on 0.1 diameter final size polishing powder, the depth
of the grooves is taken as O.land their avefage number as lO5 per
cme Then it is found thatvthe second term in the denominator of

Equation 7.10 is negligible compared to 1 and is independent of ns

a? = -g—: ' . T.21
‘Furthermore at 1000Nc/s kz2.104cm-1, so 2ka << 1 and the
approximation o 2
.Jo(oc) =1 - (5) | Te22
‘is justified. Therefore | A
5, = k%, ? | | T7.23

Nmax < 2 2
_ 2. 2 _ 2p° _ 3 _Lb
S Z k & B ax k 8r k 16T - Te24

For a length of 5mm substitution of the previously chosen
data gives a total scattering loss of 0.00ldB/reflection at IOOOMc/s,
which is completely negligible. However, the loss increases with
the cube of frequency. At higher frequencies much more stringent
requirements have to be imposed on the quality of the surface finish.
The previously (maybe pessimistically) assumed surface roughness
. causes ldB/iefléction loss at lOko)b. It is estimated that under

typical conditions this 1dB scattering loss can give rise to 10%
arror in‘viscoelastic measurementse
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CHAPTER 8. ‘
THE TRANSDUCER SYSTEM 2: RESONANT CAVITIES,

8.1 USE OF CAVITIES.

. From the theory of piezoelectric excitation it can seen
(section %2) that the excitation is proportional to the electric
field across the plezoelectrlc—alr discontinuity. . The resonant
cavity provides this electric field of high intensity at the flat
surface of the quartz rod in the desired direction and spatial
amplitude distribution. The required direction of the electric
field should be near the preferred direction of the mode, and is
dependent on the crystallographic orientation of the quartz rod
in use; it can be of any direction from tangential to normal to the
surface. The amplitude distribution should approximate that of
a piston source with the amplitude smoothly falling off towards

the edgese

The cavity resonator also acts as an impedance transformer:
it transforms the voltage on the 50{) input transmission line to
a much higher value across the equivalent shunt fesistance of the
cavity, thereby improving the power match between the electromagnetic

and acoustic systenms.

It is not absolutely necessary to use cavity resonators
for the above purposes. The open circuit voltage at the end
of a transmission line can be made to have an increased value
by means of multiple refleciions, introduced by suitably placed
shunt stub tuners. Proper cavitiqs, however; are easier to tune

and to match to the source.:

Cavities constructed for viscoelastic work must'allow

measurements to be taken while immersed in thermostats.
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All the cavities constructed during the present study are
working in a hybrid TEM coaxial mode. They consist of a length
of coaxial line terminated in the reentrant gap capacitance, and
'can be classified into two groups: single~tuned normal-field and
double~-tuned tangential-field cavities. The gap region of the
normal-field cavity produces an electric field mainly perpendicular
to the exciting surface of the piezoelectric crystal, while the
electric field in the gap of the double-tuned cavity can be either
parallel or normal to the crystal surface, depending on tuning

conditions.

8.2 PHYSICAL ARRANGEMBNT OF THE SINGLE-TUNED CAVITIES.

" During preliminary in#estigations a number of these cavities
ﬁere constructed following thé original designs of BSmmel and
Dransfeld (1960), and without any thermostatting facility. They
were used to study the basic effects of surface excitation and
. to obtain some indication of the atbtenuation of the various
quartz specimens. One of these'developmenfal cavities is shown
in Fig. 8e01l.’

Fig. 8.2 shows one half of a twin cavity arrangement

' fixed-tuned at T20Mc/s. The whole structure could be immersed
into g thermostat bath. The truncated cone end of the crystal
holder kept the quértz rod in a well-defined position with the
help of a strong compression springe A drop of the sample

liquid was placed on a thin glass microscope slide to be raised
into contact with the lower end of the quartz rod by the liquid
applying mechanism actuated by rotating the cam-shaft. Capillary
action ensured that the total quarfz surface was covered by the
liquid. Removing the screwed cover allowed the whole crystal

holder to drop out for cleaning and recharging.
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The failure of this cavity to give reproducible and
sensible measurements prompted the construction of the cavity
| shovn in Fig. 8.3. The free surface of the quartz rod in this
design is easily available from the outside for investigations into
the acoustic field pattern, Most of the metal parts of the cavity
were surrounded by circulated thermostatting fluid contained by a

cylindricgl jacket. The structure was mounted on a trolley.

This cavity is tunable from 500 +to lSOOMc/é by rotatiné the
threaded shaft via_90° bevel gears from the front of the instrument.
The nut riding on the thread drives the plunger through an axial
slot, thus effecting the tuning. The pole-piece at the end of the
centre conductor is changeable; on the diagram a stycast disc of
dielectric constant 12 is shown to concentrate the field to the
middle of the quartz surface. . The sample liquid injected by a
syringe is driven through a coiled stainless steel tube for intimate
thermal contact with the thermostatting fluid and dropped on the
free top surface of the quartz rod by a hypodermic needle.

With'suitable pole-pieces good longitudinal measurements
could be made using an X-cut rod and some shear measurementé using
a Y-cut rod. The measurements of the distribution of acoustic
field intensities over the quartz surface area were first made
in this cavity as described in Section 8.5. The study of these
field plots led to the construction of the novel type tangential-
field cavities.

8.3 PHYSICAL ARRANGEMENT OF THE TANGENTIAL-FIELD CAVITY..

A simple tangential crystal holder was constructed first
(Fig. 8.4) tuned by GRstudb tuners to study the effects of
tangential excitation qualitatively, since tangential electric

fields had not been used before for microwave piezoelectric
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excitation. Making use of the experience obtained by this simple
unit a cavity system'was constructed that proved to be very

successful for microwave acoustic and viscoelastic work.

The schematic diagram of the final version tangentisl-field
cavity is showvn in Fig. 8.5 while the workshop assembly drawing
is shown in Fig. 8.6 at a scale slightly larger than 1:2. This
- cavity consists of two quarter—wa&elength shortcircuited lines
folded for space ecoﬁomy and coupled together by the gap region.
The gquartz rod is placed over the centre‘cbnductors in the gap

region.

The frequency range when operated in the lowest frequency
mode is 300 to IGOOMG/E. Each line is separately tunable by
moving the shortcircuiting plunger fixed to a slide through an
“axial slot cut in the cavity wall. Good contact between the
moving parts is obtained by phosphofbronz helical contacting
springs. A spring loaded antibacklash nut is fixed to the slide
enabling it to be moved up or down by rotating the large screw
coupled to the external tuning shaft via a flexible coupler. The
positions of the two tuning plungers are indicated by digital
counters operated via gear links and are visible through the two

silica windows of the top cover. The above described details can

be seen (in addition to the engineering drawing) in the photographs

of Figs. 8.7 and 8.8.

Electromagnetic energy is fed in or out of the cavity by
two loops rotatable for optimum couplipg. The loop rotating
mechanism is also fixed to the slide (see Fig. 8.7 for example).
It consists of an N-type female cbnnector, a 90O elbow, rotatable
join& and a short length of coaxial line fixed to the loop.
ZKW'power handling capacity and constant 51 characteristic
impedance is maintained throughout. The loop is inserted into the

164
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cavity through the axial slot. Good electrical contact between

its grounded side and the internal cavity wall is realised by
spring fingers. The loop with its short coaxial structure is
rotated by a worm-gear drive operated by a slotted paxolin‘rod,

a flexible coupler and the external coupling adjustiment shaft.

A length of rigid coaxial line freely.sliding in one of the
vertical tubes of the top cover connects the loop assembly to

the external N-type connector. Care was taken during design not
to allow the part of the cavity behind ike plunger or the coupling
and driving rods to become resonant structures at the operating

frequency or its multiples.

The horigontal parts of the centre conductors of the cavity
are termed pole-pieces on the schematic diagrame. They make contact
with the vertical centre conductors by L-shaped springs (see Fig. 8.8)
‘and are held in position by 0.lin diameter fused silica rods
clamped into the side—plates (item 64 of the assembly drawing).
Each of the side-plates has a steel pin (67) attached to it that
can turn or slide in a block (70) thereby allowing the pole-pieces
vertical or axial movements. In the vertical direction the
pole-piéces are spring loaded (98) not to introduce stresses into
thé quartz rod that touches them. The axial position, and thereby
the gap width,lis set symmetrically by the knobd with the attached
counter dial through.bevel gears and spring loaded screws. The
vertical and axial movements are independent: the gap width can

be altered with the pole—pieces depressed.

The quartz rod is held in a polythene sleeve, which is
clamped tight by the crystal holder (1). The tapered crystal
holder is seen on the left of Fig. 8.7 with a black rubber seal
'to increase the liquid tightness of the polythene sleeve-quartz
rod combination. The crystal positioner is seen in the centre of

the top part of‘Fig. 8.8, . It allows translational movement of the
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crystal holder in the horigzontal plane (but not rotation) to

position a selected portion of the surface over the gap areas
The required position is fixed by tightening the two diagonally
placed screws. HNow the crystallographic orientation of the quartz
rod can be lined up with the field of the cavity by rotating the
whole quartz holder agbout the centre of the previously selected
area. This is effected by turning the smail gear externally by
the crystal orientation shaft, with the angular position visible
next to the right hand side tuning indicator through one of the

windows.

The small hole bored in the crystal holder and visible in
Fig 8.8 allows a thermocouple probe to be plugged in. This way
the thermocouple junction could be in close vicinity to the

sample ligquid.

The three flanges belonging in turn to the bottom 1id, the
cavity, and the top cover are screwed together with neoprene
O~rings in between. (Removing the small screw visible on the side
of the 1id (Fig. 8.7 or item 74 in Fig. 8.6) allows adjustment
of the gap width with a screwdriver when the 1lid is in position.)
Replacing the screw-on top (shovm on the left of Fig. 8.7) makes
the unit liquid-tight. | '

The sample liquid is injected on ito the quartz top surface
during measurements by a qtainless stéel hypodermic tube fixed to
the screw—on tops. A large silica window allows visual inspection
of the state of cleanliness of the quartz surface just prior to
the liquid injection. It also allows o check that the test
liquid is covering the quartsz surface completely and that it

does not contain air bubbles.

The external tuning shafts are made air-tight by tightening
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the knurled nuts (96). The crystal orientation shaft has a
central bore through which dried and carbondioxide~free air
can be pumped right down to the bottom of the cavity to flush -

out the system before cooling to subzero temperatures.

8.4 ELECTRICAL PROPERTIES.

The single reentrant cavity is.widely used in microwave
engineering, and will not be {reated in detail here. Its resonant

frequency can be calculated from

uz-_-_-i—(l:-- | 801

C is the effective gap capacitance and L is the equivalent inductance

"of the line section:

L=%Zotgn2§\-r | _ 82
where Zd is the characteriétic impedance of the 1ines; A is the
electromagnetic free space wavelength, and ( is the length of the
centre electrode (approximately A/4). There are a number of methods
to determine the effective gap capacitance taking into account the
effect of fringing fields, (Fujisawa, 1958). To a first approximation
the effective gap capacitance equals‘the capacitance of the reentrant
gap. Since the dimensions of the gap region aée much smaller than
the wavelength of operation, it is possible to regard the fields

in this region as electrostatic fields with sinusoidal time
variation. VWhile no effort has been made to calculate for -
idealised geometries these fields or the effective gap capacitance,
the piezoelectric field~-probe technique has been developed to
determine empirically the electric fields at the quartz surface

in the actual working cavities.

The shunt impedance of a cavity of the type shown in Fig. 8.9a,

when there are no dielectric losses, is givén approximately by -
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(oreno, 1958)
8 1n2 (b/ a)
R

2
o 37 6T %) s (5+%)

8¢3

where § is the skin depth of the metal, A is the electromagnetic
wavelength, and a, b, { are cavity dimensions. The practical
electromechanical conversion efficiency is proportional to
(Bquation 4.48) A 8.4
VWhen the piegoelectric crystal completély £ills the gap, the area
of the beam cross—section is the flat area of the centre electrode

azﬁ‘, so the efficiency is proportional to

1n° (v/e) | 8.5

iy

The optimum b/é ratio for maximum efficiency is 1.5 for a cavity

length { =2b. 1In the praétical cavities the gap width d is much
smaller than the length of the quartz rod, therefore an- opening is
cut in the cavity wall opposite the flat end of the centre electrode.
The excited area is now proportional to the circumference of the
centre electrode (c.f. Fig. 8.21), so the efficiency is proportional

to > '
In” (v/a) . o 846

b b L 3]
;'[ 2 n a + b ( 1+ & )]

The optimised b/é ratio for this case is given in Pig. 8.9b as

- function of the L/b-ratio; For all the cavities that have been

constructed the diametral ratio has been chosen between 4 and 5.

The electrical properties of the double reentrant cavity are
not well known. Its schematic arrangement is shown in Fig. 8.10a
(Lamb and Richter, 1966a). It is not generally recognised. that
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such a cavity has two fundamental resonant frequencies:. Since the
plane a'=a" is a plane of geometrical symmetry, it is customary

to substitute it by an imaginary metal plate, thus dividing'the
double re-entrant cavity into two identical single cavities with

gap d each. The introduction of the metal plate imposes the |
restriction that the electric field must be axial at the. plane a'=al,
while the original symmetry condition is also satisfied by an
electric field distribution where the electric field remains radial
in the gap region. The latter mode does not exist in a single

re-entrant cavity.

The resonant structure can be regarded as two coaxial lines
each approximately quarter-wavelength long connected together
through the gap capacitance. The short-circuited transmission
line on the right in series with the gap capacitance is the ,
terminating impedance for the transmission line on the 1eft.' The
input impedance Z

i

at the plane of the input loop is given by
standard lossless transmission line theory as ‘

LZ}. = ._EI:/ g, *3 -ta"Pe’. 8.7
Z . ' 2L 4
o 1 0+ 7= ten PL

where Z0 is the characteristic impedance of the line sections,

Z
L
length of the centre electrode of the line sections. Because of

is the terminating impedance, (5:21/} , and { is the equivalent

fringing fields not taken into consideration £ only approximately
equals the physical length. Substituting the above defined

terminating impedance gives

At the time of writing a letter was received from Prof. Chang,
Stanford University, in response to the paper Lamb and Richtef,(l966a)
to point out that he has been using for some time a double-~tuned

cavity in maser experiments at 3000Mc/s (Chang et al. 1959).
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1 .
Z. 1 e ——— et ——
ZO 1 + 1
Z wC tanZPt
o

where C/2 is the capacitance between the centre electrodes.
Resonance occurs when Zi=: 0, that is when

a) Zo tanpl-(ﬁé -~ resonance condition of a single re-entrant
cavity with gap 4 and capaclitance C between centre electrode and
metallic plane at a'-a" (Equation 8.2). This resonant mode (out-
of-phase mode) gives an electric field distribution with odd
symme tTy aboﬁt the plane a'-a", The electiric field in thé gap
region is substantially parallel to the cavity axis, i.e. tangential
to the quartz surface.

b) 1/tan2p£=oo i.0e 2l=X2 - resonance condition of a half
wavelength resonator formed by closing a transmission line with
two short-circuits. This resonant mode (in-phase mode) gives an
-even symmetry for the electric field about the mid-plane. The

electric field in the gap region is.substantially radial. -

MGasurements of resonant frequency versus gap opening 2d are
shown in Pig. 8.11 for a given setting of the tuning plungers in
the cavity of Figs. 8.5 - 8.8, It can be seen, that for practical

- 8ap widths (24 < 4mm) the resonant frequency in the in-phase mode
is almost indépendent of the gap width, and separation of the two
modes is always more than 20Mc/s. The iransmission of signal from
the input to the output loop is shown by the tracing of ah
oscilloscope photograph in Fig. 8.10b when the frequency is swept
between 315 and 335Mc/s. The various traces correspond to the

following gaps between the cenire conductors: 2mm (largest



580 1

570 1

:

550 1

f Mcls —»

Resonance frequency,

520 1

:

:

___,_,_,,_,/

in-phase mode

out-of-phase mode

Both s/c plungers set at
positions corresponding to
indicator readings of 700.

1 2 3 4 5 6 7 8 9 10
Gap opening, 2d, mm ——=

FIG._ 811 RESONANCE CONDITIONS OF THE DOUBLE-

TUNED CAVITY AT CONSTANT TOTAL LENGTH.

177



178

11200+

Gap opening, 2d

:

g on tLéning indicators ——

Readin
:

0000 - v v v
o 5 10 A 15 20
M4 at resonance, cm —

 FIG. 812 TUNING CONDITIONS OF THE ANTISYMMETRIC MODE.



179
separation of peaké), 4mm, 6mm, 8mm, and 1Omn.

The length of the centre elecirodes is defined by the position
of the short-circuiting plungers, and the plunger position is
indicated by the digital counters. The dependance of the resonant
frequency (or rather resonant quarter-wavelength) upon the counter
reading is shown in Fig. 8.12 for the out-of-phase mode at various
gap settings. (The'twp plungers were simultaneously adjusted, so
that the length of the two half-cavities was always equal.) The
resonance of the in-phase mode at almost closed gaps corresponds

to the line of 24 = 10mm in the diagram.

The double-tuned cavity can have the following approximate

il RO

FIG. 8.13 EQUIVALENT CIRCUIT OF DOUBLE~TUNED CAVITY.

equivalent circuit:
| L ¢ R

i/p %3 7

A 4

]
Q1
o ==
Q
(=)

When the loading of R is negligible, the above circuit has two

resonancess:
1 1c 2 LC(1_+EE)
C

giving a behaviour consistent with the experimental observations.
In contrast to resonant circuits coupled by mutual inductances the
" frequencies at which the peaks occur in the trahsmission of
capacitance-coupled circuits are not very sensitive to circuié

losses.

Another equivalent circuit is shown in Fig. 8.14 overleaf
(Schelkunoff, 1944) :
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i/p
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3

5=
gu T

== Cl% R
R

FIG. 8.14 RESONANT MODE REPRESENTATION.

Here the resonant circuit comprising'L1 C, and R; is defined by
the resonant frequency and Q of the in-phase mode, while L2 02 and
R2 are defined by the resopant frequency and @ of the out-of-phase
mode, with the usual convention for the definition of the shunt

impedance (Moreno, 1958).

" The expression for the shunt impedance as defined in Fig. 8.13
is given by Equation 8.3.v For both the in-~phase and out-of-phase
modes the area of the excited surface is proportional ito the
dismeter of the centre elecirode, so the optimised diameiral
ratios are. the same as for the single re-entrant cavity, and are

given by Figo 8l9b.

8.5 FIELD PATTERNS IN THE CAVITIES. .

Since the amplitu@e of the excited aéoustiq wave is
proportionagl to the component of the electric field lying in the
preferred direction of excitation of the acoustic mode in question
(Equation 4.20), it is important to know both the magnitude and
the direction of the electric field vector over the piezoelectric
quartz surface. The piezoelectric field-probe technique has been
developed to determine this electric field distribution experimentally;
without disturbing the fields (Lamb and Richter, 1966¢c). The gap

region of the various cavities was small enough to neglect over



it any phase changes in the electric or magnetic field components,

The schematic afrangement'of the probe is shown in Fige. 8.15,
A small diameter coaxial probe consisting of a tuned )/4 coaxial
line with its centre conductor extendgd by Zﬁﬁ out of the outer
conductor is held over the quartz rod, almost touching its freé'
surface. Tuning is achieved by adjustmént of a standard GR stub
tuner. Any signal picked up by the probe is coupled to the
receiver through a loop built into a GR parallel tee unit. The
probe unit is held by a micro-manipulator allowing movement in
two perpendicular directions in the horizontal plane. The position

" of the probe can be read off from vernier scales.

When the acoustic wave travelling‘from the excifed bottom
surface is first reflected by the free top surface, an electric
field is set up due to the piezoelectric discontihuity. The
intensity of the electric field iﬁ the air very near to the surface
is proportional to the acoustic amplitude, and its direction is
in the external préferred direction of the acoustic mode.

(Equation 4.20). During one single trip diffraction effects do not
change noticeably the amplitude distribution of the acoustic waves,
go the intensity of the eléctric field picked up by the probe at
the first reflection is not only proportional to the acoustic
intensity at that top plane, but also to the component of the
electric field intensity taken in the preferred direction at the
bottom surface, which excited the acoustic wave. Thus it is

possible to ﬁap the electric field intensities at the piezoelectric
t interface inside the cavity without actually inserting any

measuring device,

Because of its axial symmetry the coaxial probe is sensitive
to electric field components normal to the crystal surface. If the

electric-field is not uniform over the quartz surface the coaxial
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probe is also sensitive to the local gradient of the tangential
component of the electric field. (The gradient is taken along

the tangential component of the preferred direction.)

The parallel—ﬁlate probe on the other hand is sensitive to
the tangential electric field component taken in the direction
normal to the parallel plates, and also-to the local gradient of
the normal component of the electric field taken again in the

direction normal to the‘parallel plates.

Most of the field mappiné meagsurements were taken with a 5S5cm
.long X~cut quartz rod and the coaxial probe.. The longitudinal
acoustic mode for this oriemtation (X parallel to x') produces an
electric field which is normal to the quartz surface under the
probe. So by measuring the amplitude of the picked up signal due
to the longitudinal mode over the entire quartz surface the map is
obtained of the x' component of the exciting field. (The various
acoustic modes are easily distinguished by their different delays.)
The shear modes give rise %o an electric field at the top surface
parallel to the Y crystallographic orientation. Therefore if the
T crystallographic axis and the normal itc the plates of the parallel-
plate probe are lined up with the ¥' reference axis, the signal
obtained from the probe is proportional to the y' component of the
electric field inside the cavity at the quaftz surface, Rotation

of the quartz rod and the probe by 90o gives the x' component.

The above method to map the transverse fields did not give
an acceptable resolution due to the large area covered by.the
Parallel-line probe. There was also some difficulty experienced
near the edges; So the smaller coaxial probe was used, which is
sensitive to the differential of the acoustic amplitude in this
case. Graphical integration of signal amplitude along the
preferred.direction then gives the acoustic amplitude. Fig.'8;16
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shows the signal obtained by the coaxial probe over the path
b'-b", together with the result of the graphical integration.

The comparison method of amplitude measurement (Section 6.1)
does not allow one to decide whether there is a change of sign in
the amplitude differential as it passes at or near zero. The
phases of the signals on the two sides of a minimum werevalways
checked to remove this sign ambiguity. To find the constant of
integration the parallel-plate probe was moved glong the indicated
direction over a path that gave a slow field vgriation. To find
the scale factoi between the plots obtained by the parallel-plate
.probe and by graphical integration, a plot was obtained with the
parallel-line probe moved along the Y direction. To find the
scale factor between the normal and the transverse field plots
the following procedure was used. A plot along a selected line
of the normal and transverse y' fields was obtained, as described
above, in the double~tuned cavity with the gap closed. The ratio
rt = Ey/Ex was plotted against distance y from the centre line,
as shown in Fig. 8.17. The centre electrode touched the dielectric
surface of the quartz below the centre line., Since the electric
field is normal 1o the metal slectrode of circular cross~section,
the field direction in air near the centre line at the quartz
bottom surface is therefore fixed. The continuity of the tangential
component of the electric field and the normal component of the
flux density gives ﬁgen

r=_"7 =¢€.x
a

E
X

8,10

- where €, 1s the relative dielectric constant of quartz and a is

the diameter of the centre electrode. Comparing the known value of

€x 8.11
a

&ls
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MEASURED AMPLITUDE DISTRIBUTION OF THE THREE COMPONENTS OF THE EXCITING ELECTRIC FIELD VECTOR OVER THE QUARTZ SURFACE.

L DOUBLE-TUNED CAVITY, ANTISYMMETRIC MODE.

FIG. 8.18



138

FIELD TOO SMALL
TO MEASURE.

a) FIELD DIRECTION: x’ (NORMAL) : b) FIELD DIRECTION: y' (TANGENTIAL) c) FIELD DIRECTION: z°' (TANGENTIAL)
/ | | | 4

'MEASURED AMPLITUDE DISTRIBUTION OF THE THREE COMPONENTS OF THE‘ EXCITING ELECTRIC FIELD VECTOR OVER THE QUARTZ SURFACE.

I DOUBLE-TUNED CAVITY, SYMMETRIC MODE.

FIG. 8.19
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' N
near the centre line with the slope %%7 of the r' graph gives
the desired scale factor between the normal and transverse fields.

The field maps of the two possible tuning modes of the double—
tuned cavity are shown in Fig. 8.18 and Fig. 8;19. Similar maps
for the axial cavity of Fig. 8.9 with a rounded small centre post
are shown in Fig. 8.20. The‘circles represent the 15mm.diameter
quartz surface. The field samples were measured at O.5mm intervals

in both directions over each circle.

8.6'ACOUSTICVPERFORMANCE.

The best conversion efficiency was of the order of =30d4B one
way, achieved in the double-tuned cavity with a BC-cut quartz rod.
The conversion efficiency only slightly depended on frequency, as

predicted by Equation 4.46.

It was found that for a good exponential decay pattern of the
received echoes the distribution of amplitude across the acoustic

beam should approximate to a Gaussian or a (cosine)2 shapee.

Fig. 8.21 shows the signal received by the coaxial probe
(in dB's) at the outside surface of an AT-cut quartz rod , due to
the SS mode of the acoustic wave excited in an axial cavity with
flat centre post, similar to the one shown in Fig. 8.2. For this
mode and orientation the direction of energy propagation mzkes an
angle of about 5° with the rod axis. The mapping of the first
received pulse clearly shows that the excitation was confined to
a very narrow annulus near the circumference of the quartz rod.
The pattern is shifted to the left because of the oblique energy
propagation, and almost half of the power is lost by scattering
from the cylindrical surface. The amplitude distribution is.

changéd considerably by diffraction when the wave travelled 15
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and 25cm,

Echo patterns obtained for the FS mode in a BC-cut Tod lem in
length at 375Mc/s and 20°C are shovm in Fig. 8.22 (Lamb and Richter,
1966a). The echo train A was obtained using the cavity of Fig. 8.3
with the quartz rod placed with one end against the flat end of
the centre electrode, as ths ATbcrystal of the previous paragraph.
The electric field in this arrangement is everywhere normal to
the quartz surface. The excitation is concentrated near the
circumference of the rod, as verified by Fig. 8.2l1. The non-
exponential decay is due to diffraction effects always present
with a wavefront of complicated amplitude distribution, and also
to the unavoidable non-parallelism near the edge of the end faces,
where reflection principally occurs. Some results could be
obtained with this excitation arrangement when the direction of
énergy propagation deviates from the .rod axis, moving the hoilow

acoustic beam away from the side walls.

The echo train B was obtained with the centre electrode of

193

the previous cavity shaped into a long truncated cone with a diameter

at the quartz surface squal to one fifth that of the quartz rod

and rounded edges. This caused the acoustic beam to propagate more
in the centre of the rod, but it was found that the normal electric
field strength was much smaller than the tangential field strength.
Moreover, the tangentiel figld is in opposite directions at
opposite ends of a diameter in the surface. The amplitude
distribution of the exciting electric field with this elecirode
arrangement is shown in Fig. 8.20. For .the FS mode along the BC
orientation the preferred direction makes an angle of 30° with the
crystal surface inslide the quartz. The resgltant amplitude
distribution from both normal an& tangential excitation is showm
in Fig. 8.23b. There are two almost equal areas of- the brystal

surface, where the vibrations excited -differ in phase by 1800.
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PLOT a) o PLOT b)

AMPLITUDE_OF ACOUSTIC WAVES OVER THE CROSS-SECTION OF A BC-CUT QUARTZ ROD (FS MODE)
a) EXCITED BY THE ANTISYMMETRIC MODE OF THE DOUBLE-TUNED CAVITY,

b) EXCITED IN AXIALLY SYMMETRIC CAVITY WITH SMALL RADIUS CENTR_E POST
(Contribution of shaded area to re-excited signal: a) 94.4%, b) 57.3%)
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As the two areas interact through diffraction, there is an
apparent attenuation in the received signal. The change in pulse
height against echo number over a point of zero excitation near

the centre of the surface at point A is shown in Pig. 8.24, as
picked up by the coaxial probe, The signal picked up at point B
is also shown for comparison. At about:the 12th echo the amplitude
seems to be settled, For further echoes the net received.signal
in the cavity is the difference of two much larger guantities,
hence the smallest upsetting of the equilibrium of the rod

(thermal differences, stressing) causes large changes in the echo

patterne.

Echo train C was obtained when the same quartz rod was placed
centrally over the gap region of the double~tuned cavity, with the |
X crystallographic axis arranged normal to the cavity axis. . The
amplitude distribution in this case is nearly ideal as is shown in
Pig. 8.23a. The deviation from a true exponential decay rate
(straight line on 4B plot) is attributed to slight non-parallelism
of the centre region of the two end faces of the quartz rod.
However, the crystal holder allowed any selected portion of the
quartz surface to be placed over the gap region. Since the polished
end faces are always slightly convex (seen for example in Fig. 7.2),
it is possible in this way to so position the quartz rod laterally
in the cavity with respect to the gap, that the highest intensity
centre part of the acoustic beam is reflected between a pair of
surfaces which are parallel despite the overall non-parallelism
of the whole surface. The crysial holder of the double-tuned
cévity allows the above positioning Withouf rotating the
crystallographic axes (c.f;'Section 8.3). For the rod in question
opticgl~interferometer measurements showed that the ends were not

.parallel to better than 5%,
Echo train D represents the best exponential decay pattern that

was observed in this particular rod by suitadbly adjusting the
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lateral position of the end surface of the rod with respect to the
gape For repeatable and reliable attenuation and viscoelastic

measurements an echo train as good as this has to be used.

The double-tuned cavity is always capable of producing an
acoustic field intensity distribution approaching a (cosine)2
shape. When the internal preferred direction of the mode to be
excited is in the range O - 60° from the plane of the surface,
the out-of-phase mode gives the best result, with amplitude
distribution similar to 8.18c. When the preferred direction is
nearer to the surface normal, the in—pbase mode gives the best

excitation with an amplitude distribution similar to 8.19a.

Although the axial cavity is suitable to excite.a mode with
preferred direction normal to the surface, there is the additional
advantage when the double-tuned cavity is used for normal
excitation that the unwanted modes can often be eliminzated by
lining up their preferred directions with the z' direction of the
cavity. This is not possible with the BSmmel-Dransfeld type of
axial cavity excitation, where, for example, the unwanted shear-
wave excitation is of the same order of amplitude as the

longitudinal mode for an X—-cut quartz rod.
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CHAPTZER 9.

TEMPERATURE CONTROL,

9,1 GENERAL.

The 1iquid megsurements are critically dependent on temperature.
For this reason all measurements were made with the transducer
cavities in thermostatted baths. Great care was itaken to determine
the exact température of the sample ligquids in order to realise

.the necessary accuracy of the measurements.

Certified thermometers were used in the lO—SOOC range. Lower
temperatures were measured by a number of carefully prepared
Copper—Constantan thermocouples and a National Bureau of Standards

calibration table, checked against fixed reference temperatures.

Two thermostat baths were constructed. One was to work above
room temperature up to SOOC and the othexr zt subzero temperatures
down to -155°C. In addition to these two thermostats a LEC model
LTV26 refrigerator.unit was also available whose alcohol-filled

tank is temperatufe controlled between 10 and =-60°C.

9.2 HIGH TEMPERATURE THERMOSTAT.

The schematic diagram of this thermostat bath is shown in
Fig. 9.1. The temperature of the hot water in the heat exchanger
was set only a few degrees above the required bath temperature,
and the jet of warm water entering the bath was directed straight
at the mercury bulb of the contact thermometer. The flow control
vaive and speed of the pump and motor unit were set such that the

on-off ratio was nearly 1l:1.

With the gbove precautions the maximum temperature variation
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of the thermostat due to the on-off eyeling was 10%ncC. as
measured on a .Beckman thermometer. Long term stability is bhetter

than 0.05°C.

9.3 LOW TEMPERATURE THERIIOSTAT.

This thermostat consists of a 9" diameter Dewar vessel
containing iso-pentane., Iso-pentane was chosen as the thermo-’
statting fluid because it has the lowest freezing point (—160.500)
of all substances that are liquids at room temperature. It boils
at 2700. The.schemétic diagram is shown in Fig. 9.2, while a

‘photograph of it can be seen on the left of Fig. 6.3.

Two tubes wound in the shape of‘helical coils are placed
inside the thermostatting Dewar, and liquid nitrogen is pumped
through them to the bottom of the vessel. The tube having the
smaller bore is used down to -100°C bath temperature, while the
llarger bore tube. is used below this. The tubes are adequately long
for the liquid nitrogen to evaporate inside them. The cold nitrogen
gas ejected at the bottom end of the tube ?iolently bubbles .through

the bath producing an efficient stirring action.

Liquid nitrogen is obtained from a Leybold 108t storage Dewar
through a syphon. The syphon is made of double~walled fubing, the
space between the walls being evacuated for the sake of thermal
insulation. An airtight 1id is held down by springs over the
opening of the Dewar. Due to evaporation of the liquid nitrogen
pressure is developed inside the storage Dewar driving liquid
nitrogen through the syphon. To increagse evaporation a heater coil
is immersed in the liguid. The pressure is monitored by a 6 feet
high water manometerband can be released by opening the electromagnet

operated valve.
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The block diagram of the temperature control is given in
Figs 9.3. The temperature of the thermostatting liquid is sensed
by a thermistor probe containing 6 glass-bead thermistors (STC F22)
all parallel connected to reduce their total resistance. The probe
forms part of the thermistor bridge set to balance at the required
temperature. .The bridge (Fig. 9.4) is based upon a circuit by
Tempest (1963). All bridge and amplifier elements are contained

in a temperature-controlled oven.

When the resistance of the probe thermistors decreases due to
an increase in their temperature the bridge ouiput turns on the
gate of a Sunvic controller and thereby actuates the electromagnet
to close the valve and pressurise the storage Dewar. The resulting
flow of cold nitrogen reduces the bath temperature and by changing
ﬁhe.unbalance of the bridge to the opposite sense causes the
valve to release the 'driving pressure. Then the bath temperature
gstarts to rise again and the cycle is completed. The number of
times the valve is actuated is counted by a Post Office type

digital counter for checking purposes.

At the same time when the valve is closed the heater is
turned on inside the storage vessel, the heat output being
variable up to 30W by a Variac. (The ambient heating is equivalent
to about 10W). Since the stirring in the thermostat is effected
only by bubbling it is important to set the off times as short as
possible. By .adjusting the Variac 10sec/lOsec on/off times can be
achieved.

Below =120°C the resistance of the ther;istors becomes too
high to be able to set the bridge to balance. Then a mercury—in-
glass controller filled with iso—pentane can be used to operate
the bridge.
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Down to a thermostatting temperature of -110°C the cyclic
variation in the bath temperature as measured by a thermocouple
encapsulated in a light brass cover was less thgnk#\or - O.1°C.
The temperature variation in the centre of the &ouble—tuned cavity
of large heat capacity is much less than this. (With the mercury-
in-glass regglator the temperature cycling was slightly worse.)
The actual temperature is measured by a thermocouple embedded in

the metal wall of the cavity near the sample liquid.

Lowering the temperature of the bath containing the cavity
was very quick, less than 1min./°C. During the long periods of
continuous pumping of the initial coolings the pressure in the
storage Dewar tended to build up to a value higher than could have
been safely allowed. For this reason an overpressure switch was
placed on top of the water manometer. If the water rose inside
the space between the two concentric metal tubes df the switch
it reduced the insulation'betﬁeen them sufficiently to operate

the Sunvic controller and to release the pressure.
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PART IV.

. VISCOELASTIC MEASUREMENT TECHNIQUE AND RESULTS.
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CHAPTER 10. A
MEASUREMENT AND CALCULATION OF ANISOTROPIC ACOUSTIC

ATTENUATION IN QUARTZ.

10.1 MEASUREMENTS OF ATTENUATION,

A study has been made of the attenuation of elastic waves
for different directions of propagation in quartz, originaliy
for the purpose of enabiing directions with low attenuation to
be selected in connection with the development of the experimental
technique. The theoretical derivations prompted by these
megsurements are believed to have general application to the
calculation of attenuation for acoustic waves in crystalline solids.
The attenuation is assumed to be the result of viscoelastic
behaviour. The measurements and calculations of this chapter will

appear in a paper accepted for publication. (Lamb and Richter, 1966b).

The first attempts to measure the attenuation of acoustic
waves were made using the Bmmel-Dransfeld type'(Bﬁmmel and -
D:ansfeld, 1960) cavity resonator with axial symmetry, shown iﬁ
Fige 8.2+ It was seldom found possible with this arrangement to
obtain a decay pattern of some 30 or more echoes which was
exponentigl within the required tolerance. Consequently, the novel
method of excitation by the double-tuned cavity system of Chapter 8
was devised. This system enabled an excellent exponential decay
pattern to be observed for reasons put forward in Section 8.6.

A typlcal plot of echo height in dB versus reflected pulse numbexr
is shown in Fige. 10.la using the FS mode in a BC-cut rod. 35 echo
pulses are recorded in this diagram, all well above the noise level.
‘The value of attenuation in dB/em is calculated from the slope of
‘the best fitting straight line through the points. The 4th, 8th
and 19th pulses are omitted since these are approximately '
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coincident with pulses of the.very weakly excited SS mode. The
deviation of the recorded amplitudes from the true exponential
decay rate as a function of echo number is shown in Fig. 10.lb,

where rms deviation is 0.050d4B.

The acoustic attenuation was measured in‘most of the specimens -
listed in Table T.l. The end surfaces of the quartz rods employed
were polished flat to within one-tenth wavelength of visible light
and parallel to better than 6 seconds of arc. The orientation of
the axis of the'rod to the specified crystallographic direction was
guaranteed better than 00500 For measurement purposes, a particular
crystal cut is selected and, in general, it is possible to excite
in this some, or all, of the three acoustic modes L, FS or SS. Each
mode, however, will have a preferred spatial direction of the elesctric
field vector with resbect to the plane of the end surface inside
- the dielectric for maximum excitation. In Chapter 4 it has been
shown that. the exditation will be proportional to.the component
of the electric field in the preferred direction.

In the double~tuned cavity the directions of the exciting
electric field vector can be chosen either a) mainly tangential
‘or b) mainly normal to the end surface of the quartz rod. One
of these modes is, therefore, selected and the appropriate cavity
‘tuning arrangements are taken for the frequency in question{ The
preferred angle @ of the E vector for maximum excitation can be
read off from the contour maps of Figs{ 5.9 = 5.11, énd is summarised
in Table 10.1 for six well known types of‘crystal cut. The velocity
of propagation (v) of each mode is also listed, these values being
calculated from values for the elastic constants of quariz given
by Koga et al. (1958) with‘which later values of McSkimin (1962)
are sensidly in agfeement. The angle ¢$between the axis of the
rod and the direction of energy propagation is also taﬁulated_in
Table 10.1 ' '
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Summary of the acoustic and piezoelectric properties of the

various quartz specimens investigated

Crystal Cut Mode v (mm/ixsec) c{)' e° Selected « dB/em
. Cavity
Mode

L 60 31 6 0 \ a -
BC FS 5.11 0  31l.5 0.340

s 3.76 12 o 0.780

L 6.93 T 0 0.522
AC FS 3.75 4 0 0.670

SS 3430 0 58.5 a 1.27

L 5.75 0 90 b 0.940
X FS 5.11 0 o a 00345

ss 3030 0 0 a . 1,29

L 6033 0 Zero -
7 coupling

S 4068 1705 0 a -

(degenerate) ~

L 6.01 24.5 0] a -
Y FS 4032 27 0 -

Ss 3e92 . 2445 90 b 0.658

5 T.02 4 0 0.502
AT FS 3.79. 9 0 0.618

SS 3e32 4 5405 l.23
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The attenuation was measured over the frequency range '

'300-3000Mc/s. The 3000Mc/s measurements were made with the cavity
resonant in the fhree-quarter wavelength mode and using waveguide
equipment constructed by H. Seguin (Lamb and Seguin, 1966). For

all the modes it was found ‘that the measured attenuation is accurately
. proportional to the square of the frequency at the temperature

of 30°.

Attenuation results for the L, FS and SS modes in X-cut quartz
are shown in Fig. 10.2, and similar results are given in Figs. 10,3
and 10.4 for AC quartz and BC quartisz, réspectively. (The figures
in parentheses at the top of the diagram represent the grid point
of the mape of Chapter 5, corresponding to the crystallographic
orientation.) Usually three separate crystals were measured and
the results found to be in agreement. The measured attenuation
of the I-mode in the X-cut crystal is some 40% lower at 300Mc/s
than previously published values (Lamb et ale. 1959). At higher
frequencies the differénce beéomes smaller, while at 3000Mc/s the
} present measurements extrapolate to the absorptibn measured with
resonance method by Stewart and Stewart (1963b). There is a
similar situation with the SS mode of the AC orientation: the
triangles of Fige 10.3 representing best measurements before the
construction of the double-~tuned cavity show a higher loss than
the present data owing to extraneous effects masking the low
intrinsic attenuation. For the BC cut the l~mode was very weakly
excited and accurate attenuation measurement was not possible. .
Measured attenuation values (') at a frequency of 450Mc/s for
these and other directions are given in Table 10.1; these are
estimated to be accurate within % 5%

All the attenuation values are given as measured and
uncorrected, and represent intrinsic attenuation. Possible errors

due to diffraction effects are considered to be negligible owing
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to.the highly directional beam generated at these frequencies,

combined with the approximately cosine squared variation of the
excitation acréss a diameter of the generating surface. There is

no interaction with the side walls, gince the ampli%ude of

excitation is falling to zero at the cylindrical surface.

The advantage of using surface exoitation for aitenuation
measurements in low-loss piezoelectric crystals is that this
removes the uncertainty‘in loss caused by the attachment of a
resonant transducer through a coupling film in the more conventional
methods used hitherto (eg. Redwood and Lamb, 1956). Also, the
relatively low electromechanical conversioh efficiency of quartz
ensures that only a small fraction of the acoustic energy is lost
to the cavity at each reflection, (less than 1/1000) making

corrections due tb this transducer loss unnecessary.

10,2 ATTENUATION BY VISCOELASTICITY,

Comparison of the results given in Figs. 10,2, 10.3 and 10.4
shows that the attenuation of the FS mode in X-cut quartz is the
same as that of the FS mode in the BC-cut crystal. The velocities
of propagation, v, are also the same., Moreover, the attenuation
of the SS mode in AC quartz is the same as that of the SS mode in
X quartz and, again, the velocities of propagation of these modes
are the same. A cursory inspection of attenuation measurements
for the above mentioned best known shear modes would suggest that
~the attenuation is governed solely by the factor 1/'v3 (eg. BSmmel
and Dransfeld, 1960). This, however, is a coincidence and is not
generally true for other modes and directions as is revealed by

the more extensive results now available.

But calculations of attenuation assuming various microscopic
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interactions .always involve the factor 1/'v3 (eg. Mason, 1960;
Mason and Bateman, 1964; Nava et al. 1964). The purely
phenomenological approach of Chapter 3 whicg disregards the
actual loss process assumes a matrix of aniéotropic complex
elastic stiffness coefficients czjkl’ giving a formula for the
attenuation under the condition of small attenuation as
(Equation 3.17): '

2
o« = —2 n - | 10.1

2gv3
where n is the effective viscosity, calculated by Equatioﬂ 3.19 from
a matrix of anisotropic visc091ty coefficients 7ijk1 The symmet?y
of the qi kel matrix is determined in form by the class of the
crystal and is the same as that of the: ci k1 matrix. For crystal
quartz the expressions of effective viscosity values for selected
directions of propagation are given in Table 10.2. The numerical
coefficients of the various viscosity components depend upon the
direction cosines of the selected direction of propagation in the
crystallographic set of axes and the values of elastic constant.
The experimentally determined values of effective viscoéity,
obtained by using Equation 10.1 at the frequency of 450Mc/s are
also given in Table 10.2.

It is apparent from Table 10.2 that the formulae derife& for
the effective viscosity are the same for the FS mode in both BC
and X quartz. A similar equality holds for.the SS modes in the
AC and X quartz. Agreement is also found between the corresponding
values of effective viscosity‘obtained from the méasurements of
attenuation. The expressions of the effective viscosity values
as given in Table 10.2 together with the measured values enablqs
one to calculate the components of the matrix of the viscosity

coefficients. In principle, only six independent measurements of

attenuation for selected modes and.propagation directions are



TABLE 10.2

MEASURED VALUES AND CALCULATED EXPRESSIONS ‘FOR THE EFFECTIVE VISCOSITY IN CRYSTAL QUARTZ

' Temperature = BOOC :

ropagation Mode n{cP) measured = i Jm. (E +)
direction . . @ - :
L " Low coupling 0.70Lny, + 0.593055 + 0.050m,, - 0.3751y, + o) 505
3‘? FS 0.347 0.727my,, + 0.2137M¢g - 0.8911'156 _
- 8s 0.318 10.399my,, + 0.131;7133 + 0.222n,, - 0.506n, - 0.3457123
L 1.33 "0.870mj, + 0.10Lngy + 0.458n; + 1.2620,, + 04201,
AC/ FS 0.265 '°j12.9'1u+ +0.172n55 + 0.269n, - 9.372n2u - o.u;9q23
88 0.352 0.2T3n,, + 0.T2MMgg + 08NN,
L 1.9 M1 .
X S 0.349 0.727my, + 0.273ngg - 0.89Tngg .
SS 0.352 | |

0.273my), + 0.T27ng + 0.891n5

(Table continued overleaf)

A £



TABLE 10.2 (continued)

Propagation Mode n{eP) measured M o= lJm(E’ )
direction ; w
L 1.32 0.95'11% + 0,132, + 0.4037,, + 1.220m, + 0.4611123’
AT FS 0.253 'o.ougnlm + o.zos'n33 +0.260m,, - 0.276n,, - 04610,
S8 0.342 0.331my,, + 0.66‘3n66'+ 0‘91*”“56 '
. L 0.975 (a) N3
S - (b) My,
/ ’
L - (b) 0.189y,, + O.BlOnll + 0.785'112&
Y FS - (b) o.81onmL + '0.18911-11 - 0.7851}21‘_
Ss 0.302 g

(2) Mason, McSkimin and Bateman (1962) -

(b) No reliable measurement available.

g1e
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required to determine the viscosity matrix of quartz. In actual

fact some thirteen lndependent measurements have been made and the
Glasgow University KDF9 digital computer was used to calculate the
‘viscosity coefficients giving a least mean square fit to all the

data obtained. Unfortunately, owing to the beam deviation angle

for the shear mode in Z-cut quartsz, thé‘available specimens were

too long to permlt a direct measurement of 744 with reasonable
accuracy. When the viscosity matrix of Table 10.3 is used to
calculate effective viscosities it gives values which are within

% 3% of the measured values.

Effective viscosity values, and hence'attenuatioh values
for any direction of propagation in a selected mode can be calculated
from the viscosity matrix.dnce this has been determined. In this
sense the procedure employed is analogous to the calculation of

velocitles of propagatlion from the matrix of elastic cohstants.

_Calculated curves of the effective viscosity as function
of angle for rotated Y-cuts obtained from the values of viscoslty
components of Table 1l0.3 are given in Flg. 10.5. Values of
attenuation at the representative frequency of 450Mc/s for rotated
Y=cuts, obtained from the effective viscosities of Fig. 10.5 are
given in Figse. 10+6 and 10.7 in units of dB/cm and dB/usec, respect-

ively.

The fact that the attenuation 1s strictly proportional to
the square of frequency indicates that the effective vlscosity,
and the viscosity matrix components are frequency independent
constants at room temperature in the frequency range of the
measurements.. Hence 1t is concluded that the vliscoelastlc relaxation
spectrum of quartz at room temperature does not contain components
corresponding to this frequency range. The gpectrum then must be
similar to that given in Fig. 2.1 where the main relaxation is
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TABLE 10.3

Viscosity Matrix (in cP) for Crystal Quartz at 30°C

Double figures (1 to 3) represent nijkl components
Single figures (1 to 6) represent conventional shorthand notation.

ij | 1 22 - 33 - .23 13 12
kl (1) (2) (3) (4) (5) (6)
11 ' .

| 1.370 0+730 0.715 0.012 o . 0
(1)

22 L ‘
0.730 1.370° 0.715. |-0.012 0 )
(2)
33 0.715 | 0.715 0.969 0 0 0
(3)
. ,
3 0.012 | -0.012 -0 0.364 0 0
(4)
1 ‘ ~
> 0 0 0 0 0.364 0,012
(5)
12 '
0 0 0 - 0 0.012 0.320
(6) '
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occuring at much lower frequencies than the frequency of ordinary
measurements resulting in the elastic stiffness (Equation 2.63) but
with a small part of the spectrum at frequencies higher than the
frequendy of the present measﬁrements causing the acoustic

attenuation.

Although the gttenuation and viscosity are functions of
tempergture, there is only a very small changée in their values for
‘ quartz from room temperature down to 50°K at lower microwave
frequencies. Below 50°K the attenuaﬁion quickly diminishes with

‘reducing temperature.

The attenuation of the L mode in an X-cut quartz as a function
of frequency at 30°K is plotted in Fig. 10.8a taking data from
the paper of Nava et al. (1964). The square law dependence of
attenuation is not obeyed gt this temperature in the shown frequency
range. The gttenuation due to a relaxation mechanism with a
single relaxation time is also plotted as curve b in Fig. 10.8
showing that the high freqﬁency relaxation inlquartz, responsible
for the acoustic attenuation can be approximately described by a
single relaxation prdcess. The attenuation over a wavelength, u)\,

(specific attenuation) is plotted as curve c.

It is well known in relaxation theory (eg. Herzfeld and
Litovitz, 1959, chapter II) that for a single relaxation the
maximum of the specific attenuation occurs when wT =1, and thé
- value of the maximum is WA where 4 is the relative change in
phase velocity due to the relaxatidn. The curve 1l0.Tc gives a
relaxation time of 2.10-losec at'30°K. The relative velocity -
change is 2010'-5 which is too small to be detected. A rather
excessive extrapolation of the low temperature relaxation time
data to room temperature glves an estimate of the order of lOOko/s
for the relaxation frequency with a limiting attenuation of the
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TABLE 10.4

Experimental Data and Calculated Expressions for the

Effective Viscosity in Silicon.

TABLE 10.5

Components of the Viscosity Tensoxr.

N, = 1,505 cP
1)44 = 0,553 cP

Direction | £ Mc/s |« dBfem | Ref. | N (cP)| Expression for 7
~and mode
100, L 480 2.16 (a) 1.45 RS
100, S 495 0.70 | (a) | 0.49 N4q
111, 1 500 1.90 | (») | 0.83 %(n11+ 2+ 41,,)
110, L | 300 0.985 | (¢) | 1.13 ‘%(”11‘”’12) Uy
111, S 500 124 | (a) | 0.93 %(q11+n44'-012)
(a) Mason and Bateman (1964)
(v) Lamb, Redwood and Shteinshleifer (1959)
.(e) ILucke (1956)
(d) Own measurements
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order of 1000dB/cm. Therefore the square law dependence of
attenuation upoh frequency is expected to hold up to IOko/s

‘above which it will increase probably at a lesser rate.

As & further check on the applicability of the ideas of
anisotropic viscosity to the calculation of acoustic attenuation
in solids, the effective viscosities of cubic silicon at room
temperature were calculated from available experimental data.

A summary of the data and the appropriate expressions used in the
calculations are given in Table 10.4. The components of the
viscosity tensor giving calculated attenuations within * 109 of
measured values are shown in Table 10.,5. In view of the limited
oxperimental accuracy; this agreement between experimental and

célculated values is considered adequate.

In the case of fused quartz the viscosity tensor is isotropic
with a relatively high longitudinal viscosity of 5.9cP. The shear
viscosity is approximately one order of magnitude less than this

value,.

10.3 CONCLUSIONS.

The new measurements of attenuation in quariz have been
obtained by surface excitation in the specially designed double-
tuned cavity. These measurements cover a much larger number of
modes and orienfatioﬂs and are believed to be more accurate than
previously known data. The attenuation is found to be proportional_
to the square of the frequency over the range 300 to 3000Mc/é at
room temperatures. The square law dependence at room temperatures
is expected to hold only up to a certain frequency; which is
definitely higher than 10kMo/s.

Extending the ideas associated with the viscoelasticity of
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liguids to crystalline solids, a general anisotropic viscosity
tensor is defined ﬁhose symmetry is determined by the crystal class |
and is the same as the elastic constant matrix. Numerical values
for the viscosity coefficients are specific to the material and

from g knowledge of these the attenuation of a gilven mode in a . _
selected direction of propagation can be calculated. The validity
of this analysis is confirmed by the attenuation measurements in
guartz and is further supported by data for silicon; It could

with confidence be applied to other materials.

Calculated attenuation values for rotated Y-cut quartz show
that the BC orientation has the lowest attenuation for shear waves
over both a given length or given time delay when propagation
takes place along these directions. The attenuation for the FS
modes of the BC and X orientations is the same. Checking over
directions not contained in the YZ crystallographic plane did not
reveal other propagation directions with lower attenuation.
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CHAPTER 11,
THE MEASUREMENT OF THD MECHANICAL IMPEDANCE OF LIQUIDS,

THEQORY AND TDCH.LJIQUE.

11.1 MATHEMATICS OF MEASUREMENTS.,

The complex acoustical impedance of an isotropic mechanical

medium is defined for an acoustic mode by

. f

and it will be expressed in units of dynesseccnf"l (mechanical cgs.
Ohm) unless explicitly stated otherwise. f and u are the magnitudes
of the vectors of force per unit area and displacement in the given
i mode over a surface normal to the direction of propagation. If
propagation takes place along the xé direction in a general
anisotropic medium, then the force f can be expressed as (c.f.

Equation 3.10)

fi= ‘I'12= = Cioko jknk= - jkEui 11.2

where k and E are the wavevector and éffective stiffness (bulk
modulus X or shear rigidity G) respectively, of the mode under
consideration. Equation 11.2 shows that the force and displaceﬁent‘
~are colinear Just as in the isotropic case. Hence substitution

of Equation 11.2 into Equation 11.1 yields (w1th- —-“_—-)

= gE 11.3
When only shear waves are considered:
22 = gG = g(G' + ja") S 11
Equating real and imaginary parts of the above'equation &lves
2 2 _
Gl=R - X ‘ ' _ 2RX 11.5

S and G" = wV) —§-
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showing how the real and imaginary parts of the complex rigidity
modulus can be calculated from known values of R and X.

?he quantity which is directly obtained from measurements in
the present technique is only the real part of the mechanical
impedance R, of the test liquid. The measurement is based on the
reflection coefficient method, used previously by Barlow and Lamb
(1959), stemming from the original work of Mason et al. (1949) and
McSkimin (1952)s Now, for the first time, an anisotropic and

piezoelectric crystal is used for the measurements. ‘

When a plane acoustic wave is incident normally on the
interface of.two media it gives rise to reflected and transmitted
acoustic waves (Chapter 4.1). Since now one of the media is
piezoelectric, the incident acoustic wave . also gives rise to
electromagnetic fields. The equivalent circuit of the interface
of BC quartz and an isotropic fluid is shown in Fig. 4.4 where
the F'S mode is propagated in the quartze The impedance seen by
the acoustic wave inoident at port 1) is the sum of the acoustic
impedance at port 3) and the equivalent eleotromagnetic impédance
of ports 2) and 4)

) - zAB) +e2__ o . X

The loaded interface is outside the cavity so the electro-
magnetic impedance is of the order of free-space impedance (337 Ohms).

2 MKS units for quartz, e2z is
e-m

Since o2 is no more than 10~
a few ohms only, which is negligible compaied to the lowest
measured acoustic_impedance of 30 kObm MKS (= 3 kOhm ogs).
Therefore the impedance seen by the acoustic wave at reflection is
the same for all practical purposes as the mechanical impedance

of the liquid loading the quartz rod.

The reflection coeffioient, p expressing the ratio of incident
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to reflected displacement amplitude is given for normal incidence
of a pure shear mode by
&g = 2y, | |
7 ¥ 2, N
st

g = lgle®-
where ZL and 2y are the shear mechanical impedances of the liquid
and quartz, respectively. For the FS mode of a BC crystal at
room temperature the real part of Zg is 1.356MQ (cgs), and the
imaginary part, calculated from the slight propagation loss is of
the order of one ohm at the highest frequency of measurement. »
IZLI is generally less than 2,10° ), and hence the value of |g]
is relatively close to unity. The real and imaginary parts of the
liquid impedance‘can be expressed from Equation 11.7 as (e.g.

Barlow, 1959)

1 -1¢l? | ~212lgind

= 11.8
1- Igl2 - 2|g|cos9 : & S 1. Igl2 - 2iglcosd

]

The impedance of quartz is so much higher than the imaginary
' part of the liquid impedance, that the angle, ® of the reflection
.coefficient is never expected to exceed 3 degrees, and is usually
much less. Therefore very small error is introduced (< 0.25%) if
cos® is taken as 1 in the equations of 11.8, when

_ 1 -lgl '
The real part of the iiquid impedance is defined by the modulus
alone of the reflection coefficient, according to Equation 11.9,
The imaginary part could not be obtained in the present technigue,

80 liquid investigations had to be confined to cases where X, was

L
either obtained by other means, or, as in connection with the

megsurements of Chapter 12, XIJ was of no interest.

When r is &qfined as the modulus of the reflection coefficient
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expressed in dB's relative to 1, Equation 11.9 takes the following

form: . {nlo

R = 1o0 ® 7 -R ténﬁ fnlo
L = Bs {nl0 = s ko
1 20 T
+ e
 =-Rg(0.05756r - 6.4x10772° + cee) . 11.10

If lel s not differing from 1 by more than 1.5dB, the following
approximation of Equation 11.10 is valid within an error of 0.25%:

When RS is the impedance of BC quartz, the real part of the liquid
impedance in kohms is given simply by

R, = -78.0 r 11.12

11,2 MEASUREMENT PROCEDURE.

The real part of the liquid impedance is calculated with
.the help of Equation 11.12, using measured values of the modulus
of the reflection coefficient r. To obtain r, the amplitudes
of pulses in a train of multiple echoes are recorded first with the
outside surface of the quartz rod in air, and secondly, with the
outside surface covered by a layer of the sample_liquid. The
amplitude of a given echo pulse is measured by adjusting'the éetting
of the piston attenuator through which the comparison signal is fed,
and noting the reading on the dial when the height of the echo and
" compagrison pulses appear to be the same on the oscilloscope
screen (c.f. Section 6.1). The liquid absorbs some of the energy
of the acoustic wave ét.each reflection, therefore the reduction
in amplitude due to the liquid loading}is proportional to the echo
number. When the reduction im amplitude, expressed in dB's as the
difference of readings for .a given echo pulse is plotted against the

echo number, the slope of the best fitting straight line through
these difference points gives the



required value of r.

A typical measurement is shown in Fige 1l.la, where the
value 0of-0,0813 dB/ieflection was obtained for r graphically. The
deviation of the measured difference points from the straight line
is also shown as Fig. 11.1b. 4 measurehent was regarded ﬁnreliable
if for the first 20 pulses the scatter in the difference points

exceeded 0,1 dB or if it was of marked non-statistical nature.

There is no restriction on the value of.BL of the liguid
that can be measured. Liquids of low viscosity allow the reflection
coefficient measurements to be made over 50 echoes,' while with very
viscous liquids only 15 echo pulses are available with sufficiently
high signal-to-noise ratio.

The transducer cavity is immersed in a thermostat (c.f.
Section 9.1) and held at the required constant temperature for two
hours before taking a measurement. Prior to cooling to subgero
temperatures the'cavity system is flushed with dried and carbon

dioxide free aire.

The cleanliness othhe quartz surfaces is checked through
the central silica window before the application of the samplé
liquid. - 2cc of fluid is injected on the top quartz surface by
an all-glass syringe through a length of insulated polythene
tubing. 50cc of cold dry air is pushed in from a second syringe
behind the sample to ensure quick flow through,K the tubing. The
liquid was usually injected at room temperature and about an hour
was allowed for it to reach thermal equilibrium at the temperature
of measurement. The iiquid layer was inspected through the window.
before warming up and the measurement was discarded if it was found
that the sample did not cover the whble surface, or if it
crystallised or contained air bubbles.
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11.3 ACCURACY CONSIDERATIONS.

In order to obtain a small scatter of the measured difference
points (in plots similar to Fig. 11.1a) the echo pulses from
which the difference is calculated must belong to as good
exponential decay patterns as possible., The unloaded echo pattern
used in the calculation of the difference points of Fig. ll.la
" is shown in Fig. 10.1, where the r.m;s. deviation of the recorded
amplitudes ffom a true exponential decay rate is 0.05dB. As
explained in Section 8.6, only the double—tuned cavify was capable
of generating in BC quartz an acoustic pulse that decayed so
nearly exponentially. To demonstrate the effect of rather dbad,
non-exponential decays, the decay patterns shown in Fig. 1l.2a)
and b) were obtained by a BC-cut quartz in the axial cavity of
- Fig. 8.2 with flaf centre post. When these echo itrains are used
to calculate the effect of the liquid loading, the'reéulting
difference plot ¢) is found to deviate greatly from a straight
line, making the precise determination of the reflection

‘coefficient impossible.

The thickness of the layer of sample liquid over the quartsz
surface was about lcme Although the depth of penetration of a.
shear wave is of the order of microns for a not very viscous
liquid at microwave frequencies (cef. Equation 3.2}), it can be
‘ considerably longer when the liquid is in the glassy state. But
no reflection is expected from a lem thick layer even if the

sample liquid solidifies.

The optical quality of polish of the end surfaces of the
quartz rod ensures that there is no error introduced into the

- reflection coefficient by end surface scattering.

The maximum acoustic power flow is of the order o£:1W/bm2.
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No non-linearity of the elastic response was observed at this
power level either in the quartz or in the sample liquid. (At
%/mn and 500Mc/s in quartz the maximum particle dlsplacement
is 0.1%, the maximum particle velocity is 3cm/sec and the
maximum particle acceleration is 107g. Maximum strain isllo-"5

and maximum stress is 2kg/cm2.)

The.fdct_that quartz is piezoelectric does not cause an
error of more than 5() in ‘the iiquid impedance measurements.
(c.f. Equation 11.6). Due to its anisotropy, however, there is the
possibility of the shear wave having a longitudinal component if
the axis of the rod deviates from the pure shear mode direction.
The reflection coefficient giving the ratio of amplitudes in the
‘reflected and incident quasi-shear modes of a propagation direction
vlying within the YZ crystallographic plane of quartz is obtained

ini Appendix G as .
l

1
S L S Zl vz

w
Hie e

11.13

[
e o

s s 2 1 8
Zg + Zp, + sin™%(Zg - Zg)
ZS + Z

B Hi D

where 2° and Z1 are shear and longitudinal impedances, respectively,
with the subscript indicating whether of the solid or of the

liquid. o is the angle of deviation of the acoustic displacement
from the pure shear displacement direction (quasi-mode angle).
Substituting practical values, it is found that as long as the
quasi-mode anglé‘does not exceed 2.50, using the above quasi-shear
mode for liquid impedance measurements causes an error of less than
250€2., It is expected'that similar values would be obtained for.

a quagi-mode resulting from misorientation away from the YZ plane,

80 that such a misorientation of :t3°'from the true BC direction
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would cause a maximum error of 250 Ohms in the liquid impedance
value owing to the presence of a longitudinal component of the FS
mode in that directioh. Since the actual misorientation angle

is less than 0.50, the accuracy of the measurements cannot be

impaired on this account.

The temperature of the liquid sample was measured by
calibrated thermocouples. It was found useful to measure the
temperature of the thermostatiing bath against an ice reference
temperature and to use a second thermocouple to detect any
difference between the tempergture of the bath and the quartz
‘holder. A temperature difference of less than 0.100 was acdepted
to indicate fhat the cavity system reached the equilibrium

temperature.

There was some (= 3dB) increase in the excitation efficiency
when a BC-cut quartz was cocled from room temperatures to around
-120°C., The attenuation also increased by about 0.05dB/cm for
causes noi understbod. This extra atténuation, however, tended to
disappear if the quartz was held at the low temperaturé for a
long enough time. Iige 1lle.3 shows the measured attenuation at
450Mc/é when the quartsz was held for several days at the temperature
of -100°C with only slight warming-ups allowed overnight. Similar
decrease in attenuation was noticed during routine measurements.
Because of. this unpredictability of the attenuation value at low
‘tempqratures the amplitudes of the pulses in both the air and liquid
loaded echo trains had -to be noted for evefy single (direct) liquid
impedance measurement at a given temperature; a segond (indirect)
measurement was sometimes obtained before warming up and cleaning
the quartz crystal. Due to the long thermostatting times necessary,

only one direct measurement could be obtained per day.

The mechanical impedance of the quartz over the temperature
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range of the measurements ('3000 to -15000) could be considered
constant. Small changes in the electrical properties of the
transducer cavity system as a result of cooling, were easily

compensated for by altering the transmitter frequency.

The c.ws T.f. heating power is of the order of 1W causing
only a conservatively estimated 20 millidegree-c rise in the
temperature of the cavity body. The dielectric heating of the
quartz crystal is negligibly small\(o.lmW).

The amplitude stability of the electronic system was such
that there was nd,noticeable change in the measured amplitudes
. over a time span of several hours, as was indicated by the fact
that the straight lines fitted over the difference points always
passed through the origin of the coordinate system (e.g. Fig. 11l.1la).
There was, however, some slow frequencj drifting of the tiansmitter
pulse. To overcome the detrimental effects of frequency drifting
on the accuracy of the measurements, the amplitude of the received
signal was often maximised during the measurements for example, at
450Mc/é By adjusting the feedback micrometer and thereby slightly
altering the transmitter frequency. Since the thermostatted
transducer cavity had a narrower operating bandwith than any other
item in the r.f. electronic or transmission system, and its centre
frequency was not subjectkto drifting, maximising the recéived_

signal restored the transmitter frequency to its original value.

Some saturation of the receiver system for a few microseconds

after the transmitter firing did not affect the liquid measurements.

The accuracy of the calibration of the piston attenuators
is better than 0.1dB per 104B range. Amplitude changes coula be
mgasured to within 0.05dB. It is estimated that after the
averaging effect of the many echoes measured the overall accuracy

of the measured‘RL values is+ 400 Ohms oT 13%, whichever is the worste.
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CHAPTER 12,
THE LIMITING-HIGH FREQUINCY RIGIDITY ODULUS OF SOME LIGUIDS
OF AROMATIC HYDROCARBONS.

12,1 MEASUREMENTS OF THE TEMPERATURE DEPENDENCE OF THE RIGIDITY
MODULUS,

The real part of the mechanical impedance of a numbef of
organic liquids have been measured as parit of‘a general programme
of investigations into the basic viscous and elastic properties of
liquids with relatively simple molecular structures (Barlow, Lamb,
Yatheson and Richter, 1965; Barlow, Lamb, Matheson, Padmini and
Richter, 1966; Barlow, Erginsav and Lamb, 1966). The following
liquids have been investigateds

sec=butyl benzene

n-tutyl benzene

n=-propyl bengzene
di-iso-butyl phthalate
di=(2-ethyl hexyl) phthalate.

The chemical symbols are given in conjunction with the diagrams
of Figse 12.2 - 12.6. Samples of sec-butyl benzene and n-butyl -
benzene were obtained from British Drug Houées Ltd.y and of n-propyl
bengene from the Aldrich Chemical Co. Ltd. Semples .of di-iso-butyl
phthalate were supplied by Messrs. A, Boake Roberts and Co; Ltd.,
and a sample of di-(2-ethyl hexyl) phthalate was obtained from
Messrs. Hopkins and Williams Litd.

All the above liquids can be supercooled to form rigid glasses
with no crystallisation taking place for at least 3 hours, thus
enabling measurements to be taken over a wide range of temperatures,

from ambient down to’-ISOOC. Allithe various thermostats
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mentioned in Section 9,1 were used to cover the temperature range.
It was found necessary to keep the test liquids over P205 in an
evacuated desiccator right until the time of injection into the

transducer cavity.

The ﬁC crystal listed as No. 1 in Table 7.l was used for
most of the measurements, though occasionally the BC No. 2,
X No. 11 and X Fo. 12 crystals and a non—pieEbelectric silicon
metal single crystal with attached transducer were also used to
check the consistency df the results obtained with different

Solidl
types of crystals and }ieuid impedances.

Since the rigidity modulus is simply related to Ri/g
(Equation 11.5a), it is this latter quantity that is given as the
result of the measurements. R, is calculated from Equation 11.11

L
and the density from the equation:

¢ =¢. [1 - a(T - 273.2)} : o | lé-l

The values of thg parameters in the density egquation are given
in Appendix J, as determined by A. J. Matheson (Bariow, Lemb and
Matheson, 1965) for the benzene derivativesand by A. J. Barlow

for phthalates to an accuracy of 0.1%.

For sec~butyl benzene a large number of measurementé have
been made'from 3000 down to the glass transition temperature.
The resulting Ri)@> values are plotted in Fig. 12.1 as a function
of temperature between -6000 to -14500, at the frequencies of
450Mc/s and IOOOMc/s. In the same'diagram are also shown'Ri/é
values measured by A, J. Matheson at 30Mc/€. Por values of
Ri/@ greater than about O°5x1010 dyn/bm2 inis much less than

RL'and the measured values then represent sensibly the temperature



o
(o]

B ° 30Mc/s

v

X

450Mc/s

a

1000Mc/s

[o in units of 10 %ynefem?—= .

o)

2
L

R

/x)(/ /t{
o .
R Y et - |

-60 -70 - -80 -00 -100 -110 =120 -130 -140 -150
Temperature, °C

>
T

FIG. 121 TEMPERATURE DEPENDENCE OF Rf/g FOR sec-BUTYL BENZENE.

- ¢he



i 2k

dependence of G'. At low temperatures the three curves for
different frequencies coincide; showing that relaxation is no
longer occuring. Therefore it is concluded, that the increase
in G' with decreasing temperature in this‘region is due td the
temperature dependence'of the limiting high frequency modulus,

Goo, and not to relaxation.

The tempepature dependence of G between—l45oc and ~115°C
is given directly by the measured values of Ri./g at,1000Mc/s.
An estimate of Geo between ~115°C and ~9OOC may be obtained by
comparing the relaxation data at.45OMc/s and 30Mc/é in the
following way: according to the principle of time-temperature
superposition (Section 2.7) the ratio of Ri /§ at two different
températures corresponding to the same reduced frequency (e £)
is equal to the ratio of valueé of Ggo at the two temperatures
.in question. Values of Geo obtained in this way are shown as a

dashed line in Fig. -12.1.

The viscosity data, necessary for the calculation of the
reduced frequencies is obtained from the paper by Barlow, Lamb
and Matheson (1966). The viscosity values are calculated from

the formula
1

T 12.2
[¢]

Iny = A' +

The parameters At, B! and TO in given temperature ranges'are

listed in Appendix J. The viscosity data suggested to the above
'agthors‘that four of the five liquids used in the present investi-
gations existed either in a high temperature form or a low
temperature form. Each form is descriﬁed by a different set of
parameters in Equation 12.2. 'The/change from one form to the other
occu&s at the "intersection temperature",‘listed in fhe table of

Appendix J. - Equation 12.2 is predicted by Barlow et al, generalising
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the free volume theory of Doolittle (1951, 1957) .

The measured Gee values for sec—butyl benzene do not support
the various available theories devised for the description of the
temperature dependence of the limiting high frequency rigidity
of liquids (Meister et al. 1960; Hirai et =1l. 1958)., It is
believed that, similarly to the value of viscosity, the value of G,
is intimately related to the free volume in the liquid. The
simple form of A '

S = So(l + D Vf)A 12.3

ig assumed for the dependence of the limiting high frequency
coﬁpliance (=-1/Gn) on the free volume., In the equation Dis a
constant, v i; the free volume, and So is the value of S at the
temperature To; To is somewhat lower than the glgss transition
temperature Tg and is the fundamental reference temperature for

all molecular transport processes (Barlow, Lamb and latheson, 1966).
At To the glass would possess ho freé volume other than the packing
free volume, and it would have an infinite viscosity. For liquids
(which can be supercoole& to approach the tempcrature of To) the
slowness of the molecular motion below the glass transition
‘temperature makes it'impossible to attain this equilibrium state,
and the free volume does not decrease appreciably below its value
at Tg' (At Tg

molecular relaxation time is about 15 minutes.)

the viscosity is 1013Poise by definition and.the

If 4 and ¢, are the densities of the liquid at temperatures

T and T , respectively, the free volume can be expressed.as

v = -2 | 12.4
S e :
For the supercooled liquids considered here the density is a
linear function of temperature (Bquation 12.1) so the free volume

can also be approximétély'regarded within an error of 1 in 103
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as linearly dependent on temperature. Then
s = = | 14 p(2-1) 12,5
G %o : *
o : .
or

— ’ o
¢ = 177 T_ 12.6

The dotted curve in Fig. 12.1 has been fitted to this’
equation. At temperatures below -115°C this agrees with the
measured values of Geo. In the range —115°C to —95°C the
agreement with the dashed curve is within the experimental error

of *34.

In Figs. 12,2 - 12.6 values of‘lzRi/b measured at 450Mc/s
are plotted versus temperature Tor the five liquids investigated.
The appropriate values of To and Tg are also marked on the
temperature scales. The measured values of l:Ggo given in
these diagrams indicate that Equation 12.5 can be used with
confidence in describing the temperature dependence of the limiting
highvfrequency compliénce of simple liguids. The measured values,
as .expected, do not follow the straight liné below the glaés
transition temperature.. Extending the straight line to the
temperature of To gives a value :for l/Go in all cases about
1 to 3x10-ll
crystalline solid. The graphically obtained parameters GO and P

cmz/ﬁyne, comparable to the compliance of a

of Equations 12.5 and 12.6 are given in Table 12.1 overleaf:
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Table 12.1.‘

Parameters of Equations 12.5 and 12.6

Test liquid: TO(OK) Go(dyhe/bme) P(°K‘1)-
sec~butyl bengene* 98.6 5.55x1&£) 0.077
sec-butyl benzene** ‘ 128.9 5.55 " 0.190
n-butyl benzene - : 101.4 5.50 " 0.105
n=propyl benzene‘ ' 109.7 3.0 n 0.059
di-iso-butyl phthalate 144.9 6.65 " 0,084
di-(2-ethyl hexyl) phthalate  150.6 4.0 "  0.068

* aggregated or low temperature form

**unaggregated or high temperaturé form

With sec—butyi benzene zbout 30% (randomly) of the measured
points in the temperature range -100°¢ to —12500 did not fall on .
the main curve, but iended to form a second branch. Probably it
is not fortuitous that a straight line through the points of this
second branch defines the right 1/'Go value at the T  temperature
for the high temperature form of this liquid. The explanation
- suggested by Barlow, Lamb and Matheson (1966) for the existence
of the two forms was the association of the molecules into small
aggregates of two or three molecules which are the units of flow
in the supercooled state. Now, it is thought, that on certain
occasions when the cooling of the sample liquid on injection into
the transducer cavity was so rapid that not only crystallisation,
but the formation of aggregates was also prohibited, then the
‘measurements gave the Gy value of the unaggregated ligquid. The
other aggregate forming liguids always appeared to be in the low

temperature form below the "intersection temperature".
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12,2 DETERMINATION OF THE RELAXATION BLHAVIOUR OF sec—BUTYL BENZENE

_ The Geo vaiue, and hence the normalising factor(3 can now

be determined from Equation 12.6 at temperatures where visco- -
elastic relaxation occurs;‘ In the knowledge of the value of P

as a function of temperature the normalised plot of RL/g(SGm.

versus reduced frequency of can be obtained and is shown in Fig. 12.7
for the aggregated form of sec~butyl benzene. Goo is the limiting
rigidity at an arbitrarily selected reference temperature Too'

For comparison, the curve corresponding to a single relaxation

time is also:shown indicating that the ielaxation region is about

twice as broad as that of a single relaxation.

In Fig. 12.8 the plot of the logarithm of Ri/é for sec-butyl
benzene is showp against reduced f:equency'dpf, at frequencies
below the relaxation region, obtained at 450Mc/s and 1000MNc/s.

The temperature range over which these measurements were made

( 30°C to -80°C) is too far removed from the range where Geo Of
the unaggregated liquid was measured to allow the use of Equation
12.6  for the calculation of the factor (3. Geos. however; is not

expected to vary much at these relatively high temperatures.

The 45° line in Fig. 12.8 corresponds to Newtonian behaviour,

when

v‘Ri/g = 'ITV)BO f«(& - 12.6

At low reduced frequehcies the measured values should asympto-
tically approach the Newtonian line, (ForAsingle-relaxation

Rf/¢ is 10§ higher than Newtonian for @T=0.1, and 1% higher for
wT = 0.01.) According to the evidence of Fig. 12.8 at 450Mc/é the
beginning of the relaxation has a néticeable effect on the liguid
impedance even at 3006, where the static viscosity of the liquid

is less than lcP.
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12.3 COUCLUSIONS,

As an example of the'application of the newly developed
experimental technigue to the study of the viscoelastic properties
of liguids, the temperature dependence of the limiting high
frequency rigid;ty modulus has been determined for a nunber of
supercooled hydrocarbons. Owing to the high frequency of the
acoustic system, Ggoo could be measured over a much larger temperature
range than was possible to early workers (Hirei et al. 1958;
Meister et al. 1960). If the limiting high frequency compliance
‘is linearly related to free volume in the liguid, the resulting
temperature dependence of Geo is in good agreement with the
measurements over the whole temperature range investigated. The
results of these measurements together with further investigations
into the relation of G and relaxation behaviour upon molecular
structure is the sﬁbject of a forthcoming paper (Part I: Barlow,
Lamb, Matheson, Padmini and Richter, 1966; Part II: Barlow,

~ Erginsav and Lamb, 1966).

The operating frequency of the experimental system can be
set anywhere between 300Mc/s and 2000Mc/s. 450Mc/s has been chosen
for‘most of the liquid impedance measurements, because at this
frequency the accuracy of * 3% could be achieved. At higher
- frequencies the increased acoustic attenuation in quartz reduces
the number ofdetectable echoes considerably thereby reducing the
available accuracy. At 2000Mc/s less accurate G., measurements
could be obtained over a temperature range which is increased by
about 4°C compared with that at 450Mc/s.- To extend the temperature
_ range of the direct Gee measurements towards higher temperatures
by more than 10°C, it would be necessary to ralse the operating

.frequency considerably. BExpected values of Ri /§ as  function
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of temperature at different frequencies are shown in Fig. 12.9,
according to which the develdpment of a measuring system at
‘I0,000Mc/s would be the next worth-while aim. Such a system would
probably use one of the recently discovered IOWhioss piezoeledtric

crystals, for example lithium metaniobate.

It is concluded, that the experimental system is capable
of making spcceésful viscoelastic measurements on substances of
all viscosities, including low viscosity ligquids with less than
lcP viscosity, and also véry viscous glasses. The measurements of
liquid impedances at 450Mc/s and 1000lc/s gave velues. that were
in close agreement with values obtained at much lower frequencies
using established measurement technigques. The various theoretical
and practical investigations that bhave been made in connection
with the present work‘and which are described in Parts II and III
-of this thesis also have application in research work into the

.s0lid state by microwave acoustics.
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APPENDIX A.
SYMMETRY AND DECOMPOSITION OF CARTESIAN TENSORS.

A polar tensor in Cartesian coordinate systems is defined by
the following transformation rule:
ax%, o :
' _ 9% 9%
Ai- — ax ¢ ax o eosn e Amn Aol
J.... m n M -

Since there is no distinction between covariant and contravariant
components in Cartesian rectangular coordinates, all indices are
written as lower types, and repeated indices automatically mean

summation.

An axial tensor is defined by the folldwing transformation

rule: .
90X, OX.
N _ N3 J N ‘
Ai.‘j.... =) 2x  dx coechiy A.2

where Q) is the determinant formed by the differential coefficients:

ox,

det E£1) - 0 AL3

axm.

and N is the rank of the tensor,

The alternating tensor €5 5 is defined as (Prager 1961)

o)

form an even .
peroutation

of 1,2,3

+1 according to

€1k = | =1 form an odd

whether i,j,k Aed
0

do not form.a

With the use of the alternating tensor, the definition of the
vector product of two vectors takes the form of: '

Py = €4y UV = (u x¥) A5

260
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and the vector operator curl can be written in the form of

(curl Ak)l = eijk o, : } A.6

|

A tensor Aij_bf rank 2 can be decomposed' (Weyl, 1946) into a

symmetric part A?j and an antisymmetric part A?j:
S A
with
S _ a1 4
Aij = Q(Aij + Aji) 4.8
A N '
A, = (A, - AL A,

The "above decomposition is invariant under the group of all tensor
transformations (i.e. a symmetric tensor will remain symmetric
after a transformation of the type of Equation A.l or A.2) and

irreducible (i.e. there is no finer decomposition into invariant

groups.)

The symmetric tensor is further decomposed (invariantly under
transformations corresponding to a rotation of ‘the coordinate axes)

into a deviatoric (or traceless) and a spherical tensor:

S D 1 S

Aij = Aij +'§'tr Akl‘Iij A.lO'

- . S
where t? Akl = Akk’= 411 + A22 +.A33 ‘ - A.11
and ' Iij = Jij . o 4.12

The Kronecker delta 5;3 has the value of 1 when i=J, and O when

i# 3

The scalar product of two symmetrical tensors of rank two can

be given as (deGroot and Mazur, 1962)



262

s 5 _ ,D D 1
Aij'Bij = Aij'Bij + 3 tr Aij' tr Bkl 4,13
A tensor of rank 3 can be decomposed (under the group of all

tensor transformations) into 4 irreducible parts: symmetric,
antisymmetric, principal and antiprincipal. When the decomposition
is applied to the couple stress of rank 3, where Gijk== -Gjik’

these four parts are obtained as (Toupin, 1962)

S -
Gijk 0
= 1 ‘
G‘;:jk, = 300 jic + Cyes * Gy y)
. A,14
P _ 1., |
€ ik (26 g ¥ Geys = Gy y)
Glﬁ:jk = °
- In Equation 4.14 above Gijk bas one independent component, and
Gijk has 8 independent components.

An antisymmetric tensor of rank 2 has 3 independent componentis,
therefore it is possible to associate it with d dual vector, that

has the same 3 components. The'following rule is adopted for the

association: .
A
b= g Tipe (= € Tad .15
Multiplying the two sides of Equation 4.15 by’eilm gives
TA' = 1 1
1n 2€m 5 A.16

The 9 independent components of the couple stress of rank 3

define the dual axial tensor of rank 2 by
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= A
G1 = % €450 G A.17

By comparing Equations A.14 and A.1l7 one finds that

1 : = 1. (A

Z€ 45 Gr;kl 3 b (Gy,)

A . » )

2 =

and 2€ijk G?kl C—?l ' 4.18



APPENDIX B. |
CRYSTALLOGRAPHIC SYMMETRY OPSRATION OF QUARTZ.

The differential coefficients ax;/bxm in the tensor trans-
forrations of Equations A.l or A.2 can be given as the components
of a matrix, with i as the row number and m as the column nuamber.
Owing to the crystallographic symmetry of the class 32 to which
cquartz belongs, any of the following 6 matrix operators is an -

identity operator (Smith et al. 1963)

1 0 0
Il = (0] 1 0]
0 0 0
1
_ N3 1
I, = 2 5 0
0 0 1
N3 o
2 2
l ~
S 3 1
I3 = 'S 5 0

O
(o]
| o
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APPENDIX C.
EXPLICIT FORMS FOR THE TENSORS OF STRAIN, ROTATION AND DISTORTION.

The strain is defined as the symmetrical part of the

di splacement gradient .tenslbr :

it .1(2.‘.‘.1 i‘_e.) ;(.‘;‘.‘_1. . "3.‘_‘;)
axl’ 2 ox, = 8X4/» 2 0%y T ¥xy /3
ou ou ou
s 1/ . 3“1) , -2, !-.(..._.2. 4 _l) s A
k1 2 Bxl 90X, 3X, 2 Bx3 : 012 Cel

2

auE ou c-m3 u Bua.
2 ’ 2(3::2 ax3 ’ i-):r‘3

The local rotation is defined in the case of infinitesimally

small rotations as

L
. ou au, au ou
°, I2-2-4=-2
o 9% 1 9%y
. _ _ l(éul au2) 0 1 au2 aus) ' c.2
- - ] ] - E) : .
1$1 2\ax CEN 2\ox, " ax,
l(au: aul) 1 au2 au:) o
Py - e = ’ L)
2 xl ax3 2 ax3 ax2

A oR : :
Xkl N ca— ) ’ 003
axl

hence
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62u 62u 62u 62u ' 62u 62u

3 2 3 2 3 2

- ) - ] - I
axlax2 axlax3 6126X2 ax26X3 ‘ax26x3 ax3ox3

2 2 2 2 2 2
3"; aul au3' au1 au3’ aul au3 cod
= — - — 9 [y
k1l axlax3 8X18 X ax26x3 dXP X, ax3ax3 axlax3
2 2 .2 2 2 2
au2_aul’ aue-aul' au2'au1'
9X.9 X, 9X.9X,. OX.9X,. 90X, 90X 9X.9X., 9X,9X

171 71772 1Im72 "mem 2 173 77273

- It is evident that tr X = O.



TABLE
TABLS OF ADMISSIBLE PINZOELLCTRIC STRAIN COEFFICIENTS dm

D.1

.. FOR QUARTZ.
ij

SR A I
11(1) 22(2) | 33(3) 23(4) | 13(5) | 12(6) .| 32(7) | 31(38) 21(9)
dll —dll 0 d14 0 0 d14 0 0
0 0 0 0 -dl4 dll 0 —d14 dll
0 0 0 0 0 0 0 0 0
TABLE D.2

TABLE OF ADMISSIBLE PIEZOBLECTRIC . x~COZFFICIENTS fm—ij FOR QUARTZ.

11 22 33 23 13 12 32 31 o1

£14 ~£11 0 £1, 0 0 £ 0 0

0 0 0 0 ~f1, £11 0 ~f1q £,
0 0. 0 0 0 £ 0 0 ~T 35

-
¢

*EELOETDEN LON SI SSHELS OTdl
NEHH Z1EVAC 804 SINZIOIJLJIE0O TVINELVI HTIISSINCY JO0 SETEVE

DEASILNY HH

*Q XIANAALY

89¢



TABLE OF ADMISSIBLE ACOUSTICAL ACTIVITY COEFFICILNTS bij

TABLE D.3

, FOR QUARTZ.

k
| 11 22 33 23 13 12 32 31 21
11 by b, ~2b¢ 2(bll—b66) b4 0 o 'bl7 0 0
22 b, ,=2bc ¢ b, 2(b11—b66) —b14 0 o le7 0 0
33 -5 13 —%b33 by 0 0 0 0 0 0
23 b4"1 —b41 0 b44 0 0 b77 0 | 0
13 0 o 0 0 b4 by 0 L by
12 0 0 0 0 b1y bgg 0 byq beg
32 b1 =b,y 0 b4 0 0 L. 0 0
31 0 0 0 - 0 by b 0 L ' b1
21 0 0 0 0 L b, 0 by b

69¢



" TABLE D.4
TABLE OF ADMISSIBLE ELASTIC STIFFHESS COEFFICIZNTS FOR QUARTZ. c. .

ijkl

11 22 33 .23 13 12  32 31 21

11 cyq ;%—cll—c66 ¢33 C4 o] 0 cl;L 0 0
22 %—cll—css cyq cy3 ~C14 0 0 ~C14 0 0
.33 °15 o1y cy5 0 0 0 0 0 0
23 ci4 ~cy, 0 S44 0 0 " 0 0
13 0 0 oA 0 c44 'c14 0 44 c14
12 0 0 0 0 e14 Cec 0 e1y Cg6
32 o1y ~ey, 0 Sy 0 o ” 0 0
31 0 0 0 0 ” e14 0 ¢44 e14
21 0 0 0 0 c14 Cee 0 °1 ccs

0L2



TABLE OF ADMISSIBLE x—STIFFNESS COZFFICITNTS as

TABLE D.5

FOR QUARTZ.

k1
11 22 33 23 13 12 32 31 21
11 a4 -{ga,ll-%aﬁ —5233. %14 o o 2y 0 0
| 22 —all~1;a33 2y .%a3‘3 a1, 0 0 -84 0 0
33 “dayy | heq, 214 0 0 0 0 0 0
23 234 =894 0 244 0 0 a47 0 0
13 0 0 0 0 a4 814 0 a 47 24
12 o O o o a14 g o a17 Za%f]_%; 866
33
32 al7 -—a17 0 a.47 0 0 a77 0 0
31 0 o 0 0 a4 alq 0 - 2yq
21 0 0 0 0 ay, Eal_l;i_ 0 ayq 2
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APPENDIX B,
EXPLICIT FORMULAE FOR TENSOR TRANSFORMATIONS IN A MEDIUK
POSSESSING THE CRYSTALLINE SYidiuwTRY OF GUARTYZ,

~o

The transformation can be described as consisting of two
steps. First the original XYZ crystallographic coordinate system
is rotated by an angle ¢ around the Z axis, into the X'Y'Z!

system. The matrix of this coordinate transformation is

ox cos® ging 0
() = |-sm® s o o
J 0 0 1

In the second step the X'Y'Z' coordinate system is rotated around
the X' axis by an angle 0 into the X"ywzn system. The xﬁatrix of

this second transformation is

1 -0 : 0

éx!‘ N
('53?::.") = 0 cos@ sin@ . ~B.2
J | 0 - sin@ . . cosO

Transformation of XYZ into X"Y"Z" is given by the product of the

matrices of Equations E.l1 and E.2:

ax! cos@P ' sin(f) 0
(axl ) = |- cosB@sind cosO cosgp 'sin0 ' E.3
J: sin0 singp~ sin0 cosP = cosb

Transformation of some elastic stiffness coefficients (the

following abbreviation is used ¢ = ¢y ~ Cy, = 2044):



2
o= = 00590 [0y, + 03 ~20,; = d0,,) - (ho ein® )]

+l+cos39 sin0 (cl4 cos 3¢)

+ cos® 0 [(.cll + a3 -201'3 - 4c44) - (3¢ sin® 24))]

= cos @;in@(2c14 cos 3¢)

T %4

c"

- co0s30 sinb (4c14 cos 39)

13 = Cq3 = 20 )

) A
+cos® 8 2(c 33 44

+033

c86= c052@ [°66 = Cup t ¢ sin22¢'J-
‘+cosesin@'(2014 cos 3¢P)

s

Bo= cos0 [cll * c33 - 2c13.- 4044 - %c sin22¢J
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C" —_

26 ©

c", . =

46

_c" =

24

cos> 0 (3c sin 2¢cos29)

0520 5in 0 (3014_ sin 3¢)

c:os3 0 (3014 sin3¢ )
cos?@ sin@ (4¢ sin2¢pcos2¢p)

cos (2014 sin 3¢)

cos¥0 (—4014 cos 3¢)

.cos‘)’asin@ (eq1 + Cy3 = 2093 = 4c

44

cos? 0 (3014 cos 3¢)

cos @ sin0 (013 = ©33 +-2c44)

Transformation - of the dielectric constant:

v _ o 20
€5, = €33 - cos 0(633-€11)

Transformation of piezoelectric constants:

112 ~

= - cosb e sin3g

- 3¢ sin22<1>) .
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®122

132

n
®o12

"
®o00

n
€232

n
®312

—
b=

c0s20 (2e

: cosPsinbe

60520 (e110033¢' )

cos O si.n@ (2614)

14)

cos @ sj.n 0 e, cos3¢

€14

cos<0 e110083¢

14

3 .
cos~0 e11u1n3¢>

24 . o
cos<0 s»:.n@ e11s1n3q5

/
/

/
co's29 e

cos @ sin 0 e;,c083¢

€14
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o
" _ 2 .. . : .
ooy = cos“0 sin 0 o1 sin3¢ .18
- o
) - -
Y3y = cos~ 0 ey sin3¢
. E.19
* cos e, sin3g
Transformation formulze of the elastic constants for the
rotated Y direction (¢ =0), when the transformation consists of
a rotation about the X crystallographic axis (from any rotated Y
system) by an angle 0 counterclockwise, looking at the origin -
along the +X axis.
.
°11 7 11
t = 5 0 4 .. 2 2
chy = €008 0 & c3351n 0 «+ 2(2(:44 23)51n 0 cos 0
| + 4c. 4sin9cos30+ 4c34s1n3@ cos@
¢!, = o, 8int0 + o, .cos%0 & 2(2¢c )s1n D cos0
33 22 33 447%23
- .3 - '
4c24s1n 0 cos0@ 4c34s:.n9cos 0
2
1 — —
_c44 = cu (c:22+c33 4c44 2c23)sin 0 cos 0\
+ 2(c24 34)(51n30 cos@ ~ sin0 co.s39.) B. 20
cl_ = ¢ cosQQ + ¢, 5in%0 - 2c., sin8 cosl
55 55 66 56

°6'6 c55sin29 + C6‘6C°S’26 + _2c56sin9 cosb



= c23(cos49 +sin%0 ) + (e

== Cy,

277

= c12c0s29 + clzsin?a + 2cl4sin@cos9

I

clgsinge + cl3c0520 - ‘2cl4sin@ cosb
= ¢ (0052@ —sing@) + (cyy=cq,) s:‘?n@sos@
14 137%12

22+c33—4c44) cos°0 sin0
+2(cy,cy 4)(sin20 —cos°0 )sinocos_e

cos4@ - 034siﬁ4@ - 3sin2@ cos20 (024—c34)

= c24
cos?0 - (c23+2c44) (‘00329 - sin?@)]sin@cosé)

+ [033sin20 - o5

sin0 + ¢ cos?0 & 3sin“Ocos?O(c

24 = °34) .

34
sin%0 —(c23+2c44) (cos29—sin2 9)] sin® cosh

+ .['03300520 - S5

L an o 2a I
= cp(cos“Q -sin“O)- (co—c,,)sindcosd . B.20
56 55 766 (cont.)



APPENDIX T',

TABLES OF THRE MATERIAL COWSTANTS OF CQUARTZ.

Data tzken from a -paper by Koga et al (1958)

TABLZ F.1

278

Blastic stiffness coefficients c. ... or.c,. at constant electric
10134 13 11 2
field in units of 107 N/em? ( or 10 "dyne/om”)

k1l 11 22 33 23 13 12
ij (1) (2) (3) (4) (5) (6)
11 _
. 8,583 0.709 1.193 -1.8064 0 0
(1)
22 ' -
0.709 8.683 1.193 1.8064 0 0
(2) : :
33
1.193 1.193 10,59 0 0 0
(3) :
23 .
-1.8064 1.8064 0 5,826 0 0
(4) ‘ ‘
13
0 0 0 0 5,826 ~1.8064
(5)
12
o) 0 0 0 -1.8064 3,987

. (6)




TABLD .2
Pi c i < c ficient e.. oxr e,
Piezoelectric sitress qef ic i3k i3
. - q =2 2
in units of 10" “As/m

. at constant strain,

279

ik 11 22 33 23 13 12
(3) (1) (2) (3) (4) (3) (6)
i
2 0 0 o - 0 4,07 ~17.5
3 0 0 0 0 0 0
TABLE ' 3
Relative dielectric constant (at constant st:ain) i3
4.50 0 0



TABLE a4

280

The value of the coefficients for BC-quartz (coordinate system rotated

by angle 0=~58°29110" around +X azls) are given below.

stiffness coefficients are in units of 1oloﬂyb

1
®11

1
022

°33
°44
%55
°é6

10,4588

12,8112
3.8228
2.8792
6.9319
2.66985

~0.7681

0.6041

(0,0)

(-0.056,‘0') |

( 0,066, 0 )
(-0.605, b )
(0,0)
(0,0)

( 0.020, 6 )
(-0.020, 0 )
(-0.061, 0 )
( 0, 0.010 )
(o, 0.138 )
(~0.005, 0 )
(-0.063, o)
( 0, -0.014 )
( o, 0.105 )
( 0.104, 0 )
( 0, -0.017 )
( o, o.odlj )
(o, 0.617 )
( 0, =0.024 )

(=0.071, 0 )

mlastic
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The first number in the brackets indicates the change in the
elastic constant due to +1° misorientation in the Y'Z! plane,‘the
second number indicates the change due to +1° misorientation in

the Y'X' plane.

TABLE F.5

Piezoelectric stress coefficients in units of lO'zAs/'m2

el,11 = 16.67 o515 = = 6.625

°l,22 = ~ 177 ey, = - 6.105

ei,33 = =15.02 ' eé,ls = -19.685

°l,23 = = 6-08 €310 = — 9.855

resti ey 13 = °'112 = 2,11 T ®2,22 = °'2,337
= &

1 - v — al - G —
2,23 = ©'3,11 = ®'3,00F 3,33 = ®'3,23% O
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APPENDIX G.
PROPAGATION AND REFLECTION OF PLANT ACOUSTIC VAVES,

The direction of ﬁropagation‘df 2 given mode of acoustic
plane wave is defined as the direction normalito the planes of
equal phase, therefore the wave vector ki ~and also the phase
velocity vecﬁor Vi are parallel to the propagation diregtion.

The direction of energy flow generally does not coincide with the
direction of propagation in an anisotropic medium. (Synge, 19563
Werkulov and Yakovlev, 1962) The energy flow vector is given in
Bquation 2.27 as ' '
J 8= =1, —= Gl

hence, for the mode M a vector parallel to the energy velocity

(or beam velocity) vector can be calculated as

MM 2

B o
) cos(xy,n) o, ®y K wU . , Ge?2

J
J

i
(The definition of the various symbols used in Appendix G is
found in Section 3.2) The component of the beam velocity along

the direction of propagation equals the phasé\velocity.

The phase velocity‘vectors of the L, FS and SS modes when
drawn from the same origin for all possible directions define the
three sheets of the velocity surface. The inverse phase velocities
(%>i=:§% similarly define the three sheets of the inverse
surface. The beam velocities give the three sheets of the wave

surface (Musgrave, 1954).

The mathematical relationship-between the 3 types of surfaces

result in the following simple geometrical relationship:

a) If a tangent plane is Fitted to the wave surface at the

'point defined by the beam velocity direction; then the vector



emanating from the origin vperpendicularly to the tangent plane
1< P )

with its tip in the plane, is the velocity vector.

b) If a tengent plane is fitted to the inverse surface 2t
the point defined by the propagation direction, then the vector
emanating from the origin perpendicularly to the tangent plane,

with its tip in the plane, is the inverse beam velocity vector.

From the above it is obvious, that the beam velocity is
parallel to the propagation direction only when the velocity

surface is normal to the phase velocity vector.

'In Fig; Gel a portion of one of the flat surfaces of a
piezoelectric crystal is excited in uniform phase. This surface
is the wavefront at time t. According to Huygens' prinéiple,
well known in optics, every point on the wavefront gives rise to
elementary wavelets, and the envelope to these wavelets is the
wavefront at time t+dt. For an anisotropic medium, the
elementary wavelets have a shape similar 1o the previously
defined wave surface. The wavefronts at various instances are
indicated in Fig. G.l. For the sake of simplicity only one
acoustic mode is shown. The beam to which the vibrational
energy is confined deviates from the propagation direction by an
angle & . There is also a spreading of the beam owing to the
finite lateral dimensions of the source. The plane surface of the
wavefront is tangent to an elementary Huygens wavelet at a point
defined by the beam velocity direction, accofding to the
geometrical relationship a). Ko exact mathematical solutions of

diffraction problems in anisotropic - solids are available because

of the complidated shape of the béam,and velocity surfaces.

The deviation of the acoustic beam from the propagation

direction causes the beam to sirike the side walls if the crystal

283



284
\« ——Anisotropic quartz crystal

Crystallographic axes:

}rZ

| V7 |
\ / I 7 / Y=
l”I"..A ™ Reflected beam direction

I,

V7777 Reflected tiondirect
propagationdirection

1)/ | | A

/
/?// /]

1/
// / / / // /T Planes of equal phase
V///// /)
[/
11/
KL - o
/ \( / / / / / / /lnCtden’; propagation direction
/ W/J//?% lncﬁdent beam direction
Frse ™
/ E\// X |
mm ,-—-Huygen;’ wave surfaces
k v — Excited area

FIG. G1 ACOUSTIC BEAM IN AN ANISOTROPIC MEDIUM.
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rod is teo long. The sketch of Fig. G.1 demonstrates this
practical problem in a Z-cut rod for a shear wave mode with
displacement u z2long the X axis. The wave incident on the sidewall
is parallel to the surface, the single reflected wave is not. (In
a case more general than the one illustrated, the incident wave
gives rise to tanree reflected waves.) The directions of the
reflected wave and beam are obtalned in Fig. G.2 by a construciion
that makes use of Huygens' principle: the incident rays 1 and 2
reach the sidewall.at times,to and to+l sec, respectiveiy, ziving
rise to new waves starting from points Al and A2. At time to*; sec
the Huygens wave generated at point Al grows into the wave surface,
while that at point A2 is a single point. A common tangent to
these two wave surfaces is the reflected wave front, a normal to
which gives the propagation direction of the reflected wave. The

reflected beam lies in the direction defined bylii.

The relative amplitudes of the various reflected (and trans—
mitted, if any) waves can be found. from the condition of continuity

. for the stress and displacement at the interface.

It can be seen from Fig. G.2 that the inverse velocities of
the incident and reflected waves have the same value for their
compﬁnents along the surface. Also, the plane defined by the
incident phase velocity and the surface normal contains all the
reflected (and transmitted) phase velocity vectors. These
geometrical relatlionships are generally true as they express the
mathematical requirement that the conditions of contimuity at the

boundary be satisfied at all instances of time (Musgrave, 1960).

When the acoustic wave is incident normally on a solid-liquid
interface, all the transmitted and reflected waves will be normal
to the interface. The reflection coefficient gss, expressing

the ratio of the displacement amplitude in the reflected shear
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wave +to that in the inc¢ident shear wave, with displacement
directions parallel to the surface is given by the well known

formuls

Ge3

If the normally incident wave is not a vure shear moae, it gives
rise to reflected longitudinal waves, too. This situation is
examined for the specific case when the incident wave is the quasi-
shear mode along a rotated Y direction of quartz. The vectors of

the displacements in the various waves are given below:

s . : . s _‘ o =y 1S
incident quasishear mode: uy = ( >3+ o<3&) Uy

- e . s _ - =\ .8 ‘
reflected quasishear mode: | u, = (0423 + 0(31{) U G4
reflecied quasilongitudinal mode: ui: ='(o(23" ~ OQB'I'E) Ui

where _5 and k are unit vectors in the x2 and x3 directions,
respectively (the rest of the symbols are defined in Section 3.2).
The other shear mode is parallel to the surface and is not

generated by the incident quasimodes.

The continuity of displacement and stress can be expressed

by the four equations below:

—

'd2(1 +5’ss) + °<_’,.?ls = Lls
%8st 0(3,(1 + gss)= Tgs

1 s ) s .
°‘2~.ZS 1s +°(3ZS(1 - gss) = 2y, Tgs

s ' 1 S
p85(t = o) "l 81.= 7 T

G.5
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where Sss and 8,5 2ve the reflection ‘coei‘ficients for reflected
shear wave and reflected longitudinal wave, resulting from an
incident shear wave, resvectively. Similarly T and Tls are
transmission coefficients for transmitted shear wave and transmitted
longitudinal wave, resulting from an inciden® shear wave.
.Furthermore, zt (= gvl) and z° (--gvs) are shear and longitudinal .
impedances respectively, and the subscripi indicating whether of
fhe solid or the liquid. The property expressed by Bquation 11.2
has been used. ‘ |

=%

Solving Equation G.5 for ¢, one finds that (taking into

account that d2’= sina and 0(3 = COSK ):
1 s
Z, - 2
S ”S . 2 1 s L L .
Zg - Zy - sin‘« (zS + zs) g
“s L
Ces = G.6
S Zl - zs
T
25 ¢ 2° + sin’x (z- - 2°5) ——XL
S ) 3 1 1
ZS + ZL



APPENDIX H,
DETATILS OF COMPUTER CALCULATIONS.,

The elastic and piezoelectiric properties of quarts were
calculated for a large number of propagation directions using the
University of Glasgow DEUCE computer. The same calculation was
performed at each grid point given in Section 5.1, First the

elagtic, dielectric and plezoelectric constants were transforméd

according to the expressions of Appendix E (Bguations B.4 - 2.19),

so that the x direction lay along the direction of »propagation,

2

as defined by the selected zrid point. The calculation of the
rotated tensor coefficient could not be programmed éccording to
the basic transformation formulae (Eéuations 4.1 - 4,2) because,
due to the relative slowmness of the DEUCE computer, such a

programme would have needed excessively long computer times.

brogramming according to Appendix E could be organised to make use

of the ldentical blocks appearing in the transformation expressions.

The rotated tensor coefficients were used to calculate the

six rotated stiffensd coefficients cy = cgy With

°1= 10127 ®2 = 12007 ©3= G103 4= Cppppr 5= Cpp

The stiffened coefficients were substituted into the deierminantal

equation (Equation 3.54) giving the following cubic:

e3 - 3ae2 - be+c =0

=1
where a =3 (cq + oy * 05)
_ 2 2 2 '
b = 02 o+ ?3 + c5 "\°1°4 - 0406 T CgCq

_ .2 2 2
c —-clcs + 0403 + 0602 - clc4c6— 202c3c5

Hol

H.2
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£

The three solutions of tne three effective

<k
[
0]
Q
[
(o
'_lo
Q
[
x]
O

clastic constents

L mode: e =

2

3
FS mode e = ~V=,_;—- D Ccos (&'1--2-"1- + a | He3
2SS mode 93 = "V—%-

whiere

q = 2613 +ab ~c¢c Hed
¥ = Lot (2B
T 3% A\ 5
The followiang calculation was repeated Tor each of the taree
modes,
The phase velocity of mode il was calculated by
A .
VI —_ 1{05

. . ‘ . I‘-‘r N o .
Substituting the eigenvalue e back into the determinant, the

4

9 cofactors of the determinant were calculated., The ratio of the

§

¢

cofactors gives the ratio of the direction cosines of the eigen-~
vectors, but it is possible that all cofactors belonging to one
line are zero. To prevent failing of the projramme, the suns of
the squares of the three cofactors belonging to each row wvere

calculated znd the row with the largest sum selected. Then .

b
ck

dividing the 3 cofactors of the selected row with the root o he

—d
Sy

E

sum of their squares gave directly the direction cosines dl ’
¥ e

d2“ and Mg“. The angle ¢ made by the displacement vector with the

direction of propagation was obtained by
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. 2
The components of the internal excitation voc‘uor(ei‘)I
(Equation 4.38&) were calculated with the help of the direction

cosines and the rotated piezoelectric coefficients. The sum of

we | fu\e [ u\e 1\ 2 -
S SR Oy N O R O 1

gave the relative efficiency of excitation and the angle 0 gave

the squares

the inclinatibn of the preferred direction oﬁ\excitation when
M
N -1 °o 1
0" = cos e : H.8
‘M) 2
(e )1

The very large number of output data was obiained on
punched cards, and so arranged that the following 10 data belonging

to mode M at 2 given grid boini,was punched on a single card:
Reference number of grid point,
H, « M, 8, «;ﬂ,celm)I; (e (o310 0%y Togrg- (€2
The cards were punched out automatically in the form of tables.

The contour graphs of Figse. 5¢3 = 5.14 were plotted manually from

the printed data.
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LDPDIDIX I,
ANALYSTS OF OPYIRATION OF PLAIAR TRIODS OSCILLATCRS.

Planar triodes extend the operational frequency range of
ordinery triodes from about 200ic/s up to 6klic/s. The conveniional
low—frequency'electronic tube 1ls unsultable for operation at
microwave frequencies due mainly to transit time and lead impedance

effects, ' ~

The transit time T of the electrons travelling from cathode
to grid should ideally be much smaller than a cycle of the frequency

used, and is given approximetely by (Diemer and Knol, 1952)
L
= 0,67 ( ) 3 (nanosec.) I.1

where d is the distance in cm frowm cathode to grid a2nd J is the
peak current density in A/cmz. For a short transit time the
interelectrode spacing must be small and the cathode current
densitf high., The favourable effect of 2 large cathode éurrent
density can be explained by the fact that the higher potential
needed in the grid plane in order to obtain a denser current gives
rise to higher electron velocities and thus to shorter transit times.
To combat lead impedance effects, planar triodes are constructed

in such a manner that the comiections to their electrodes are

made by large discs or cylinders which can be made part of a
distributed circuit (transmission line or cavity resonator). The

large connecting surfaces have much lower inductance and also

-

1ntroauce a smaller series resistance (proportional to the square
root of W owing to skin effects) than the usual thin wire leads.
With silver plating the effective series resistance of the disc

seals is reduced to 0.1Q at 3000Mc/s._ .

«Q
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The valves used in the oscillatows of Section 6.4 are tyoe
2C394, manufactured by Stendard Telephones end Cables Lud. ik,

] 7,

the highest current densities available from modern oxide-coated
cathodes, these valves have o grid to cathode spocing of 0.005"
for the transit angle (wT) to be 0.25 radian at 500ic/s. ALl the
electrodes are in narallel planes. The mesh grid is made of
0.002" diameter gold plated wires at a pitch of 0.0072" both ways.
llechanical and electrical data relating tb the 2C39A valve .are

given in Table I.1.

TABLE I.1
SUIITARY OF PROPERTIES FOR THE VALVE 2C394

Cathode-Grid Gap Grid-Anode Gap

Electrode spacing 0.005" 0.0225"
Capaéitance (hot) 7.6 DF , 2.0 pF
Admittance (typically) at 1000Mc/s

Conductance . g, = 25miiho 1/r =0.250ho

Susceptance bc= 47mitho ba==12tho
Amplification factor _ , 100
Méx. DC anode voliage .

guaranteed 12xVv

used regularzly ‘ 3.5kV
ax. mean anode dissipation without cooling 15%
Maxe meén grid dissipation ' 2w

The microwave triode oscillator or amplifier can be regarded
not only as the high frequency extension of the common triode
amplifier with values for the transconductance and input reactance
modified by transit time effects but also as a kind of 2-cavity
klystron. (Chodorow and Susskind, 1964) In the microwave triode
an electron stream is formed in the space between the cathode and
the grid, the velocity of the electrons in the stream dépending
upon the electric fields in the region, i.e. they are velocity

modulated by the cathode-grid potential. The faster electrons get
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through the grid, the slower ones do not: the conversion to density
modulation (bunching) thus takes place by a sorting process. &
beam of varying density accelerated by the positive collector
(anode) potential then passes through the grid-anode region inducing
an alternating voltage in these electrodes, or in other words,
giving up some of its energy to the electromagnetic field of the
grid-ancde cavity. aAfter delivering the enefgy the beam has io be
collected. ‘This is done by the anode in the triode, although a
mesh anode and a separate collebtor would be possible in principle.
To maintain oscillations a fraction of the output signal appearing
in the anode-grid cavity has to be fed back to the cathode-grid

cavity.

The small signal equivalent circult of the oscillator is shown
in Pig. I.1, where the small loading of the feedback circuit on
the znode-grid cavity is represented by be and the feedbaék
path is not showna.

o ) VANV
Hes s/

.FIG. I.l. FEQUIVALENT CIRCUIT OF OSCILILATCR.

The analysis by Llewellyn and Paterson (1944) showed that
the effect of transit time upon the input admititance of a iricde
is a reduction in the value of transconductance by 16% for o
transit angle of T/2. A4t 1500lc/s the transit angle is
estimated to be T/4 for the 2C394 valve therefore transit time

effects are neglected in the following analysis of the cscillator.

Measurements on the anode-grid cavity of the 1000ic/s

oscillator gave the following results:
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a) Unloaded Q with gero heater voltage aad cathode short-—

cirveuit plunger right at the feedbaclk loop:

Q. = 292
4, 9 |
Therefore shunt impedance (e.g. Joreno, 1958, Chapter 13) of

cavity only:
. R, = 5.9x0
b) Unloaded @ with heater on and cathode plunger in optimum
position:
Q_u = 152
Shunt impedance in this condition:

R = 3.04kQ2

¢) Input VSWR with coupliﬁg loop rotated to optimum working
position:
S =1.2, maximum at loop.
Effective transformer ratio of loop:
n = \3040/1.2x50 = 7.1

50{). external load transformed into equivalent circuit of

~.

cavity: ‘ N
R, = 50x7.1° = 2.5:Q
Voltage to dissipate 1lkW in external load:

V=t 2250V peak.

With the values of circuit elements obiained for the IOOOHc/é
equivalent circuit the stage input impedance is 56(3 and the
voltage gain isg 30 (poﬁer gain = 13dB). To meintain-oscillations

» the minimum input voltage is 75V peak, when be is approximately
50k( and the effective driving impedance iz 20).

The resonant anode circuit owing to its high @ can éupport

oscillations only of an odd number of times the fundamental

frequency. It is assumed that both input and output waveforms are
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‘pure sinewaves and are in phase if the oscillator is not overdriven.
Therefore in the constant current characteristics of Pig. I.2

(slightly modified from published form to show anode-grid, rather

)

than the usual anode-cathode voltages on %he abécissa) a straight
line represents all corresponding instantaneous values of anode
and grid voltages. (Line CD). Instantaneous values of anode and
grid currents can be read off from the characteristics indicating
a class C type operation, since the curreants flow during only a.

portion of the full cycle.

In the lower part of Fig. I.2 curves of the anode and grid
waveforms are shown for operating line A3 representing nearly the
hardest possible drive. Harmonic analysis of the anode current
waveform gave the ampiitude of the 3rd haermonic as 10% of the
fundamental in this grossly over-driven condition. (Qnd'and
other even harmonics are not supported by the cavity.) Therefore
for a more moderate feedback the current waveform is almost purely
sinusoidal so the previous assumption of this condition is
justified., The limit of maximum available pulse power is imposed
by cathode saturation or grid dissipation if the pulse repetition
freguency is high usually before the maximum rated anode

dissipation is reached.

The effect of not negligible transit iime in the cathode-
grid gap 1s a reduced transconductance, and in the grid-anode gap
a more extended current pulse, (Fig. I.2), thus a larger anode
dissipation and lower efficiency. These effects reduce the power

output of the oscillators at higher frequencies.
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DENSITY AND VISCOSITY DATA FOR THE LIQUIDS INVISTIGAPED IW CHAPTIR 12.

SeCm

butyl
benzene

lelting voint (°K)... 197.7
9. (gm.ml—l)......... 0.878
a (°K?) viiirrnnee..0.000903

Range of densityo
measurements ( K)..160-320

Hignh temperature form:

A i eiineeeana. . =7.149
B' . (PK) viveeeene.. 414.8
T (PK) ceeeeea.. 12849
Range (%K) veveve.. 303-196
To(%K) eeeeee.. 14001
vy at T (ml.gm~t). 0.010
Intersection ti
temperature (°K)... 191
Low tgmnerature‘form:
A'  eiieeeeneneeess =14.543
B' (%K) eeeennnee. 1306.4
T (%K) ceeeiene.. 98.6
Range (%K) ceeenees 186
T, (°K) eivevennens  128.0
Ve at T, (nl.gu™h), 0.024

Tl
butyl
benzene

185.2
0.876
0.000922

160-320

~7.357
499.5

114.1

330-187
127.5
0.011

181

~12.235

1003.7
101.4
175

125.2

0.019

N~

- propyl

benzene

~.

173.7
0.879
0.000951

150-~320

-~7.180
422.0

1118.5

320-182
129.9
0.010

176

-0.949
684.9

109.7
170

126.9
0.016

di-iso-  di-2-
butyl ethyl-
phthalate hexyl
pathalate
1.052 0.996

0.000760 0.000753

250-300 250-300
-6.948 ~9421
593.0 ~1305.0
193.3 150.6
370-283 328-253
209.4 183.7
0.011 0.023
ca.278 -
~-12.018 -
144.9 -
273 . -
18300 ) -
0.025 -
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