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ABSTRACT ' .

Two methods are described for the direct measurement by on—line
computer technique of the responses of the lumped circuits and solid
polymer dielectrics at low frequencies. The first method involves
the direct application of the step-voltage to the dielectric sample -
and the measurement of subsequent transient currents. The second
method, a unique computer—aided measurement technique, involves the
application of the ideal low-pass filter step-response, generated by
the computer, to the dielectric sample and the measurement of its res-
ponse. Both methods requirea a very sensitive electrometer amplifier
to be constructed in order to detect the response. These responses are
then sampled and stored by an on-line computer which then proceeds to

evaluate their Fourier transforms.

Discrete Fourier transformation within the computer allows the
data to be presented immediately, in various ways which are of direct
use to the experimenter. The disadvantages of any previous assumptions
about the nature of the dielectric response and the necessity for rela-
tively crude approximations, which characterise the methods préviously

employed, are eliminated.

Apart from being new and original, especially in its use of non-
causal resbonse functions, the second method provides an excellent
example of the power of the laboratory on-line computer technique and
paves the way for special digital instrument to perform dielectric
measurements. The sort of microprocessor which are now becoming
available would allow such an instrument to be produced fairly cheaply
and simply.

Tﬁe results obtained are compared against those of previous workers,

and an attempt is made to justify them on the basis of molecular theory.
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GENERAL _TNTRODUCTION

1.1 DIELECTRIC MATERTALS

Dielectric is a term applied to an insulating
material whenever ihe material is used in such a way
that its characteristics enter as parameters in the
description of an electrical system, Dielectric
materials in the sense of this thesis are not a narrow
class of insulator, but will be mainly treated from

the standpoint of their interaction with an electric
field, and both terms are often used interchangeably
to describe materials which are poor electricél conduct-
ors. From the practical standpoint, materials in
general may be classified according to their electrical

conductivities into three categories:

(1) Conductors = Conductivity 10® to 10% onn™ln™?
(11) Semiconductors - Conductivity 107 to 1077 Ohm™im™
(iii) Insulators ~ Conductivity 1072 to 10~20 ohn™1n™2

A further important distinction between conductors,
semiconductors and insulators is that whilst the condu-
ctivity of the first decreases linearly with increasing
temperature, the conductivity of the latter two increascs
exponentially, These differences in the electric conduct-
ivities!between the three different types of materials
can well be explained by the "band theory" of solids.
That is, the properties of any solid material depend
upon the nature of the constituent atoms and upon the
way in which the atoms are grouped together, Experiments
have shown that an atom consists of positively charged
nucleus surrounded by electrons located in discrete

orbits, Actually, electrons can exist in stable orbits



near the nucleus only for certain discrete values of
energy called energy levels of the atom., The allowed
energies of electrons in an atom are depicted by hori-
zontal lines on any energy level diagram, Fig. (1-1).
The curved lines represent the potential energy of
electrons near the nucleus as given by Coulomb's Law,
As a consequence of the Pauli exclusion principle,
only a certain maximum number of electrons can occupy
a given energy level., The result is that in any atom,
electrons fill up the lowest possible levels first,
Electrons in occupied levels are indicated by a solid
dot in the energy level diagran,

However, when a large number of such atoms are
brought together to form a solid, it becomes impossible
to assign individual electrons to individual atoms,
but one must consider the electrons to be more or less
collectively shared by individual atomic nuclei. A
direct consequence of this "sharing" is that a large
number of electrons would occupy the same energy state.
This is not possible according to the above principle
and, as a result, each original discrete energy level
E, of the isolated atom is broadened into a band con-
sisting of as many levels as there are atoms in the
crystal. These new levels are very closely spaced and
have energy values in the neighbourhood of E; the larger
the number of atoms forming the solid, the smaller the
distance between the levels within the band, In a similar
way, the higher unoccupied levels split and consequently,
three energy levels are available, Fig. (1-2).
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(1) The lowest energy band, called the valence
band, is completely filled with electrons, there is
one electron for each of the available energy levels.

(ii) The upper energy band, normally called the
conductio? band, is corresponding to the unoccupied
higher levels in the isolated atom,

(iii) The energy region between the valance band
and conduction band is called the forbidden energy gap,
since there are no electrons with such energies in the
crystal.

This picture of the electronic energy levele in
the crystal, denoted as the energy-band model of a
crystal, is very useful in determining the electrical
properties of any solid, since it shows how electrons
can move in the crystal. In metals the valence and
conduction bands overlap, Fig. (1-3a), and since there
is no forbidden energy gap, any of the many valence
electrons are free to roam throughout the solid, and
to move in response to an electric field. Therefore,
metals are excellent electric conductors.

An insulating crystal has a wide forbidden gap
Fig. (1=3c). The valence band is completely filled with
electrons and the conduction band is completely empty.
Obviously, the upper band cannot contribute to electric
conductivity since no electrons are present to act as
carriers. Conversely, energy levels in the valence band
are filled, so it is impossible for any electron to be
accelerated by the electric field and, therefore, the

crystal is en insulator,
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The energy-band model of a semiconductor, Fig. (1-3b),
is similar to that of an insulator except that the for-
bidden energy gap is comparatively narrow, In fact, the
primary distinction between insulators and intrinsic semi=-
conductorg is the width of the forbidden gap; a gradual
transition from good insulators to semiconductors occurs
as the gap decreases from 5 electron-volts or more, to
less that 1 electron-volt, The electron-volt, abbreviated
eV, is equal to the kinetic energy gained by an electron
in traversing a potential difference of 1 volt.

However, it should be remembered that the energy
band concept is strictly relevant only to a single crystal
of material., This is because it assumes that every atom and
its bonding system is the same as every other so that an
electron requires precisely the same energy to be liberated
from a bond anywhere in the solid, Many dielectrics used as
insulators are highly disordered, so that the environment
of each atom tends to be a little different from its neigh=-
bours. It is possible, however, to consider the energy band
picture to apply, but with band edges smeared out somewhat,
This allows for the fact that slightly different energies
may be needed to energize an electron from a band at diff-
erent places in the material.

Having given the main essential differences between
the three types of materials, and before turning in the
following chapter to study the most important electric
characteristics of solid insulators associated with their
use as dielectrics, it is desirable to throw some light on:
(a) Chemical structure of the insulator which will be

used in this work i.e. solié polymers, and:
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(b) The importance of the dielectric measurements and
the significance of the present work,
1.2 POLYMERS

A class of substances in which there has been an
increasing‘interest in relatively recent times is the
Polymers. These are substances composed of long "chains"
of atoms = where atoms form self-contained small groups
or units in cgntrast to these structures in which each
atom (ion) is bonded to several near neighbours -
usually with the implication that the chains are hundreds
or thousands of units long. The individual representative .
units of the chain are called "monomer units" and the sube=
stance consisting of separate monomer units, if it exists,
is called the monomer (Sillars, 1973). Many monomers con=

tain one or more double bonds linking its two carbon atoms

i.e. monomer ethylene,

H H
\ {
Cc = Cc
| {
H H

One type of polymerisation "addition polymerisation"
however, can be regarded as the "opening" of one of these
double bonds and linking up the "loose ends" with other

monomers tc form the polymer:

i &
i |
{ i
H H "
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The number of monomer units in the chain, r, is
called the degree of polymerization, If the polymer
molecules consist of simple chains, the polymer is said
to be llnear, but branched polymers may, and generally
do. occurs That is to say, if carbon atoms of one of
these chains have one hydrogen and another carbon atom
instead of two hydrogen atoms, it will form a branch,

This branch may be a single carbon atom with remaining
bonds satisfied by three hydrogens, or, it may be another
chain similar to the main one., Such branches will clearly
get involved with neighbouring molecules and if they are
frequent they will tend to restrict the relative move-
ments and make the solid rigid., Those unbranched and
slightly chain polymers may be amorphous, partly crysta=
lline or ver;I:Eolly crystalline. In some polymers, the
branches may in fact be, or connect to other major chains,
so that all chains are linked to other chains, this is
known as a cross=linked structure,

Polymers, however, are not necessarily simple carbon
carbon atoms, but the backbone may involve oxygen atoms,
nitrogen atoms, benzene rings and other features, Many
of them are formed not by double~bond spltiwmg, addition
g, (1=4), but by a reaction such as esterification
(reaction of an organic acid or anhydride with an alcohol)
with the elimination of water (condensation). An unbranched
chain is formed when an alcohol with two (OH) groups (i.e.
dihydric), such as glycol reacts with an acid having two
COOH groups (i.e. dibasic), such as phthalic ac%d, Fig.
(1-5). Polymers formed by esterification are generally

called polyesters,
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1.3 IMPORTANCE OF DIELECTRIC MATERIAL MEASUREMENTS AND

THE SIGNIFICANCE OF THE PRESENT WORK

Dielectric materials have not in recent years under-
gone such rapid development as have the related semicon-
ductors. ‘Nevertheless, there is a steady and increasing
interest in dielectric properties and behaviour, .The
.majority of dielectric work has been confined to high
frequency range (102-108Hz). It is, however, essential
that as large a frequency range as possible should be
covered, This rises from:

1-%3- 1, Dielectric materials are mostly used as ordinary
insulators, but their other unique properties are increas-
ingly employed in electronic devices, Practically, it is
hard to think of any dielectric material as not being

used in electronic equipments ranging from gases, through
liquids to solids. In addition, these materials are required
to operate from direct current to the highest frequency
range, from very low temperature to the high temperature
and from zero relative humidity to the direct moisture
condensation, It is not surprising, therefore, the gréat
need for continued research into dielectrics, and the
theories governing their behaviour, This search in terms

of experimental results will provide the base on which a
theoretical model of prﬁctical dielectric can be built up.
Once this theorectical model, based on the atomic and
molecular structure of the material is successful, it will
provide the knowledge on which the search for new materials
may be founded, and may also be used to deduce the probable
behaviour of the dielectric in different electrical envir=

onments.,
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1-%- 2, Dielectric relaxation curves for some materials,
€.8. pelymers, are broad and very sensitive to temperature
variations. The study of dielectric relaxation has proved

to be.a valuable tbol for gaining some insight into kinetics
of molecular interaction in polar liquids and solids,and
their structures, The nature of these interactions between
molecules and their arrangements within the materials mainly
depends ont

- The behaviour of relaxation time (r) with temperature
variations at a given frequency.

—~ The magnitude of energy loss factor (¢" ) as a function
of frequency at a given temperature.

.. The width of the cnergy loss peak Parameten (&).

Now; if @= o, then the material could be classified into
one of two types depending on:

(1) If ¢" is very small as well asTand they do not
change with temperature, then the material is called non-
polar one and obeys Clausius'~=Mosotti formulae (see Chapter
2), which implies:

(i) Polarizations of the molecules are due to elastic
displacement only.

(ii) Absence of short-range (non-dipolar) interactions.

(iii) Isotropy of the polarizability of the molecules.

(iv) Isotropy - of the arrangements of the molecules.

(2) If " is relatively large and changes with tempera-
ture as well as 7', then the material is called polar material
and obeys Debye's equation (See Chapter 2) which implies:

(i) Polarizations of the molecules are partly due to
the distortion of the molecules by the field and partly due_

to the orientation of the molecular dipoles in the field. Qﬁ
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(ii) The neighbouring molecules do not interfere
with one another's motion or cause orientation in the
absence of an externally applied field. In other words,
when the field is applied, the molecules are free to
~orientate in it except in so far as their orientation
is opposed by their thermal motion.

(iii) The short-range interaction is negligtble.

(iv) The molecules are assumed to have two equilibrium
positions and they are supposed to change their orienta-
tions by a series of small steps during the process of
rotation towards the new position,

On the other hand, if «#0 then the material has
more than one relaxation time and the molecules are
supposed to adopt a number of equilibrium positions
separated by a range of barrier heights. Many theories
stand to explain this behaviour but this is not the place
for such details and some of them will be discussed later
(see Chapter 2).
1-%-3%, Molecular volume could be calculated from
measuring the relaxation time. These calculations largely
depend on the distribution of relaxation times, Perrin
(1934) stated that if the molecule is not spherical the
processes of orientation by rotation about different axis
should require different relaxation times, Furthermore,
he showed that the variation in the environment of the
molecules should give rise to variation in the relaxation
times,
1-3-4, Measurements of the temperature dependence of
Es'(the static dielectric constant) of dielectric gases,
for instance, should make possible a reliable determina-

tion of the dipole moment of free molecules. The magnitude }.
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of the dielectric moment gives valuable information about
the distribution of electrons (Hill, 1969). Thus, the
large dipole moment of HCL (LuviDgﬁé§e unit) compared
with that of CO (U~ 0-1Debye ) gives some justification
for considering the Hcl molecule (but not the (O molecule
as composed of a positive and negative ion H' + CL”,

In view -of the above discussion and in order to
fill as many gaps as possible in dielectric phenomenology,
it was thought that it would be of value to make an inde-~
pendent investigation of the dielectric properties and

their behaviour at very low frequency range (10'5-10'1
Hz) at different, fixed temperatures using the step function

technique., The present work deals with descriptions and
the results of such an experiment., The significance of this
is as follows:

1. Due to rapid growth in number of modern insulating
materials and the great need for quick and frequent measure-
ments of their dielectric parameters, complex permittivity
and loss tangent as function of frequency, it is desirable
to devise a fast, accurate and inexpensive method,

(a) Fast - This can be achieved by using an on-line
computer technique with the step-voltage method to evaluate
and display the real, and imaginary parts of the complex
permittivity using fast Fourier transform.

(b) Accurate - Using fast Fourier transform instead
of Hemon's approximation (see Chapter 3) gives the exact
value of the real and imaginary parts of complex dielectric
constant,

(¢) Inexpensive = It could be said that most of the

workers in this field did not use fast Fourier transform

because the need for the computer which usually entails
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high capital and running costs, However, in the present
case, the micro-processor computer was intended to be used,
This machine has the advantage of being small (portable),
powerful and consuming little electrical power,

4 ft is desirable that as wide a range of frequency
as possible should be covered in a single sweep. A step-
function repfesents a wide Fourier spectrum containing
components of very low frequency (depending on the dura=-
tion of the recording) up to a very high frequency (dep-
ending on the rise time of the step function). This means
that the recorded response of the dielectric sample to
step-voltage contains all the information needed for con=-
structing the dielectric spectrum in a wide frequency
range, say from 10™Hz up to lOlon. Thus, measurements
could be sensibly extended over a much wider frequency
range than allowed by the Hamon's approximation,

%. The value of the measurement of these transient
currents is not limited to obtaining loss-factor values
at low frequencies., This type of measurement gives a
clear way of separating the loss due to relaxation from
the loss due to d.c.conductivity (see Chapter 3). The
charging currents are superposed relaxation conductivity
and d.c., conductivity, while the discharging currents aredue
relaxation conductivity only. Thus a clear separation is
achieved and the loss factor due to relaxation is obtained
by transforming the discharging current. The steady state
current gives the loss due to d.c.lconductivity. Bridge
and other a.c, methods yield the total loss without sepa-
ration of the compcnents,

L. The real and imaginary parts of complex dielectric
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pernittivity are not independent, If either part is
determined over a substantial range of frequency (ide=-
ally =0 to = -), the other may be calculated, From a
practical point of view it may not be possible to cover
a sufficient range, and the measurement of both real
and imaginary parts is desirable, Measurement of both
provide a check of the data., The method is also indepen-
dent of any prior assumption about the nature of the

dielectric response function to the applied voltage.

A~4 Scope Of The Present Vork:

The experiment described in this thesis was carried
out at City University, dielectrics laboratory,

The design and method of construction of the appar-
atuse used in present experiment is given in Chapter.4}
which follows the description of the type of the experi-
mental methods used in such type of measurements,Chapter
e

In Chapter.2, a study of the most important electric
charecteristics of solid insulators which are intimately
assoclated with their use as dielectrics, is presented,

In Chapter.5, the results obtained in the present
work are presented,

Suggestion for further work, Chapter.8, follows Cha--
pter.6 and Chapter.7, which contian the discussion and
&nalysis‘af the obtained results and conclutiens réspec—

tively.
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THEORETICAL TREATMENT

2.1 INTRODUCTION

The present chapter is mainly concerned with the
response of dielectric material ta the electric field.

A dielectric material can react to an electric field
because i£ contains charge carriers that can be dis~
placed, This response or the interaction which occurs
between the éxternally applied field and the atoms or
molecules of the material is referred to as polariza-
tion (p).

The polarization phenomenon, however, can be pictured
by the formation of dipole chains which line up parallel
to the field and bind countercharges at the surface
(Fig. 2-1), thus the polarization can be considered to
represent the density of the neutralized surface charge.
Alternatively, the polarization can be taken t$ be eqiva~
lent to the dipole moment per unit volume of the material,

This latter interpretation of (p) provides an entrance
from the macroscopic into the molecular world i.e. micro=
scopic. However, before embarking on the main theme, it
is useful to start the chapter with the definition of
dielectric permittivity, a parameter which will be used
freouently throughout this thesis.

2.2 DIELECTRIC PERMITTIVITY

It is well known that the capacitance of the condenser
increases if the space between its conductors filled with
a dielectric material., If, now, Co is the capacitance of
the condenser with the region between the conductors
evacuated and C its capacitance when this region is
filled with a dielectric, then the ratio:

is found to be independent of the shape or the dimensious
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Fig. (2.1): Schematic representation of dielectric
polarization (Von Hippel 1954).
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of the conductors and is solely a characteristic of
the particular dielectric medium used. €p is called
the relative permittivity or the dielectric constant
of the medium such that:
€ F € € wnmmmme  (2=2)
where eg = 8.854 x 10712 Fm=1 and is an electric
constant which represents the permittivity of vacuum,
whilét ¢ is the absolute permittivity of the material,
Thus, a material having a dielectric constant of 2 in
the C.g.sS. system will have aniabsblute permittivity of
2 x 8.854 x 10~125.m~1, .
However, when an alternating voltage N Voejwt
of the angular frequency w= 2nf, is applying across the
condenser (C = ep Co) an alternating current,i‘, will
flow its value being:
is= jwcr COV il (2-3)

provided that the dielectric is a "perfect" one. In
general, however, an in-phase component of current
equal to ng%% will appear corresponding to a resistive
current between the condenser plates such current is
entirely due to the dielectric medium and is a property
of it. The current i also has a component vﬁéw% - the
charging or capacitive current - 90° out of phase with
alternating voltage.

In vector notation, the total current is the sum
of the resistive current and the charging one, therefore,

i = jo (€'=je") CoV ‘mmmemee (2=4)

where e'is the measured dielectric constant of the
dielectric matefial in the condenser and ¢" is its
1oss factor. The ratio €" /€' represents the tangent

‘of the loss angle §, which is the phase~angle between
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the total current i and the charging one.

2.3 MACROSCOPIC CONCEPT OF POLARIZATION

Insulators or dielectrics as pointed out in Chapter
l, are materials whose electrons are bound to the atomic
structure{py such strong forces that they are not free
to move throughout the material under the influence of
an applied electric field. The electrons can, however,
be displaced very small distances relative to their
nuclei whilst the atomic nuclei are displaced relative
to one another. Although the distance moved is very small

(10"10 ~11

restoring forces which increase with increasing displace=

- 10™""m), since the displacement is limited by
ment, the centres of the positive and negative charges of
these new~pedar molecules are no longer coincident and the
mﬁlecules are sald to be polarised, If the material, on
the other hand, is a polar one, a third process contributes
to the polarizability (provided the dipoles are free to re-
orientate),In the absence of an electric field, the permanent
dipole moments of the molecules are distributed randomly in
all directions, and change direction constantly because of
the thermal motion of the molecules., When an electric field
is applied, there is a tendency for the permanent dipoles to
align themselves parallel to it, A net positive charge will
be adjacent to the negative condenser plate and will neutra-
lize some of the charge on it, Similarly, the negative charge
will neutralize some of the charge on the positive condenser
plate,
For an applied voltage V, the charge carried by the

condenser (C:e% Co) will be Q=e,CoV).

. Since the loss mechaaism is not considered here, e
may be replaced by e' (e" assumed zero, perfect dielectric),

thus;



The implication is that, of the total charge Q, only

a fraction Q/¢' contributes to neutralization of the
applied voltage, the remainder Q(1-1/¢') being bound
charge neutralized by the polarization of the dielectric.

To oﬁkain a clearer conception of the charge dis-

tribution and its effect, the total charge Q which is
distributed o&ef the plates of the condenser may be
represented as a surface charge gqa per unit area and

by introducing a new Vector D, the electric flux density,

such as:

qa 6A = D, ds (2-6)

where ds will be the area of a surface enclosing dA,
Similarly, we allocate to the free charge density qu/ /!
a vectorE, the electric field strength, by defining:

9a7' an= Eds =emmmmmme- (2-7)
and to the bound charge density a vector p, polarization
as:

q (1 =/ 1) Ah = Fo5 memmmmmn (2-8)
since:

qy =B/ + g (1-1/')
we have from (2-6), (2-7) and (2-8):
g 0A = :-:O'E-}. ds + —f).(-i-s = D.ds
or in general:
D= eoﬁ T — (2-9)
But D = 5&0§ for the dielectric, so that:
P oeglet 1) o (2-10)
From eq (2-9) p will have the same dimensions as D,

i.e. Coulomb meter"l, whereas the electric field strength

E can have a different physical meaning.
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2.4 THE MICROSCOPIC CONCEPT OF POLARIZATION

On the macroscopic scale, the polarization p, was
taken to represent the bound charges at the surface of
the material such that:

P =gy (e'=1) E =mcmmcee - (2-11)

Alternatively, the polarization can be taken to be
equivalent to. the dipole moment per unit volume of the
material, The dipole moment per unit volume may be
thought of as resulting from the additive action of N
elementary dipcle moments u,

P = NA mmmeean— (2=]2)

The average dipole moment of the elementary
particle, furthermore, may be assumed to be proportional
to the local electric field inside the dielectric, If
this is denoted by Ejnt, being the value of the field
acting on the dipole, then:

i =a Bipt =====—- (2-13)
where ais called the polarizability of the dipole, i.e.
is the average dipole moment per unit field strength.
Substituting (7) of eq (2-13) into eq (2-12) leads to
a well known eq:

P = NaEjpt =emmemm== (2-1k)
called Clausius' equation, This equation together with
eq (2-11) are linking the macroscopically measured per=-
mittivity to three molecular paraments, the number N of
contributing elementary particles per unit volume, their
polarizability o, and the locally acting electric field
Einte This field will differ from the applied field E,
owing to the polarization ¢f the surrounding dielectric

medium, It is the goal of the molecular theories to eva-

luate these parameters and thus to arrive at an understanding

of the phenomenon polarizaticn and its dependence on frequency
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temperature, and applied field strength,

However, the polarizability ais defined in terms
of dipole moment and its magnitude will be a measure
of the extent to which electric dipoles are formed by
the atoms and molecules, These may arise through a
variety of mechanisms, any or all of which contribute
to the value of a. Thus for convenience, the total
polarizability will be regarded to be the‘sum of in-
dividual polarizebilities each arising from one
particular model, i.e.:

. w0 *iy o oy gl T e (2-15)
where the terms on the right hand side are the indivi-
dual polarizabilities which will now be discussed.
2.4,1, ELECTRONIC POLARIZATION (®e)

An atom comprises a positively charged inner shell
surrounded by electron clouds having symmetries determined
by their quantum states., When a field is applied, the
electron clouds are displaced slightly with respect to
the positive cores, causing the atoms to take on an induc=
ed dipole moment Fig. (2-2a). This induced moment has all
the characteristics of an assembly of dipoles produced by
elastic displacement of electrons, which have natural fre-
quencies equal, or higher than, those of visible light,
The strength of the induced moment,U.for an atom is pro=
portional to the local field in the region of the atom
and is glven by:

we = ag Eint ~=m-m=== (2-16) |
where ois called electronic polarizability., However, when
a large number of atoms or molecules are placed in an
eiectric field, the microscopic mechanism of polariza~-

tion is not as simple as the one described above. In
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Fig, (2.2): Schematic representation of the four types
< of polarisation -

(a) electronic;

(b) atomic;

(c) orientation and
(d) space-charge.
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addition to the electronic polarization, three other
polarization mechanisms are distinguished: ionic or
atomic, orientational, and space charge or interfacial
polarization,

2.4.2 ATOMIC POLARIZATION (“a)

When different atoms are present in molecules (as
with polymerg) the electrons involved in forming the
bonds are displaced preferentially towards the stronger
binding atoms, giving a bond moment. In an applied field
the atoms are now immediately displaced relative to each
other along its direction (Fig. (2-2b), giving an atomic
polarization which for organic compounds is often only
5F-10 per cent of the electronic polarization (since the
interaction between electrons and nuclei varies as the
distance between the nuclei changes, the atomic polari=
zatlon will also contain a contribution from the electronic
displacements relative to the nuclei). The atomic polariza-
tion is given by:

R W
where oy is the atomic polarizability of the molecules,

2.4.3 ORIENTATIONAL POLARIZATION (ad )

This polarization is associated with dipolar substances.
Here the molecules possess a dipole moment even in the ab-
sence of an applied field. Such a moment is not normally
observed macroscopically because as a result of thermal
agitation the molecules are orientated at random so that
the average moment over a physically small volume is zero.

In the presence of an external field the dipoles ex-
perience a torque tending to orientate them is no longer

Zero (fig 2~-2¢).
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To simplify the calculation of orientational
polarization, which was first carried out by Debye
(1929), it is assumed that the permanent electric mo=-
ments P are independent of the temperature and applied
field, that they are free to rotate and that the inter-
action energy between the dipoles is small relative to
the thermal energy KT of each molecule. The potential
energy of a dipole of moment yin an electric field E
is given by:

U =-A~ ECos 6
where o0is the angle between the dipole axis and the
field E, In the absence of a field the number of dipoles
:N(B) whose directions lie between angleso ande + 40 with
an arbitrary direction is proportional to the solid angle
d2subtended by the elemental area 2wsin€ d® on a sphere
of unit radius (Fig.2-3). When an electric field is ap-
plied along the z~direction then if the molecules poss=~
essed no thermal energy, they would all line up in the
direction of the field acting on them. Because of thermal
motion the number of dipoles corresponding to a solid
angle d? must be weighted by the Boltzmann factor exptuU/.q)
so that:

N(e6) = 2Arsinedoexp (1 EC0S0) =wwm—w== (2-17)
KT

where A is a proportionality factor determined by the
total number of dipole molecules per units volume,

The average moment of each molecule in the direction
of the field is given by the ratio of the total moment due
to orientation in the direction of the field to the total

number of molecules:
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Fig. (2.3): Unit sphere model for calculating
orientational polarization,

7(es = ew)

-

Fig. (2.4): Relaxaticn behaviour
= Polymeric material;
L Dﬂbye.
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m
: [ A2nsin texp (MEC2E),cos0d 0
kT
Hav = 0

m
J Aexp (Bﬁggﬁﬂ) 27sin 6de

o
The integrals give (see Von Hippel, p 148)

pav =u[cotha~1/a] =4 'L(a) memmmen- (2-18)
where a = WE/ p. The functionl(a) is known as the Langevin
function. From the practical point of view, even for highly
polar molecules and fields, of the order of several hundred
kilovolts per cm, the value of a<<land the Langevin function
may be approximated to a/3 (Zaky, 1973), so that:
Mav = %%= o Fint
whereo,is the oriéntational polarizability.

By adding the above three polarizabilities, the total
dipole moment per molecule is:

b = Cagh oy 4= By memmmmmn (2-19)

This equation is known as the Langevin-Debye formula.
2.4.,4 INTERFACIAL OR SPACE CHARGE POLARIZATION

It usually arises from the presence of electrons or
ions capable of migrating over distances of macroscopic
magnitude., Some of these charge carriers tend to become
trapped and accumulate at lattice defects, impurity centres
voids, strains or at electrode surfaces and so distort the
field and produce an apparent increase in the dielectric
constant., Interfacial polarization is of particular imp-
ortance in heterogeneous or multiphase materials. Due to
the differences in the electrical conductivity of the -
phases present, charges move through the more conducting
phgses and build up on the surfaces that separate these

from the more resistive phases. Effectively, each conducting
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region will become polarized so that there is an apparent
increase in the average moment of the molecules given by:

Vs = % Byng
whereagis the interfacial or space charge polarizability.
Interfacial polarization, however, is of importance in
'practicalidielectric measurements, since most commercial
insulators such as plastic with fillers, polymer with
plastic and éintered ceramics are usually heterogeneous
and, therefore, special attention will be given to this
Isubject in Chapter (5) and Appendix (E),
2.4.5 INTERNAL ELECTRIC FIELD

It was mentioned earlier that the internal electric
field E;j,¢ is different from the externally applied field
E and the relation between the two fields (see text books)
is:

Eypt = E (ei+e) st L 2020}

substituting this value of the field in eq (2-11) and
(2-1%) gives:

P = so(%:-l)E - E(er+2) N o

W=

or:

Bivs foe bl ina <(2=21)
%o €r+2

If M is the molecular weight of the material ando the
density, then the number of molecules per gram molecule
No (Avogadro's number) is N M/ p and eq(2-21) was written

as:

N = (S51) M B wmeme (2-22) ”:
3 €0 Ext2 p
This equation is known as the Clausius~Mosotti equation

and the left hand term is sometimes referred to as the
molar pelarization. Egs.(2,20-2.22) are considered as

good first approximations for Ej,: values and approxi=-

mately valid for ionic crystals and non~pclar dielectrics,
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2.5 DIELECTRIC IN ALTERNATING FIRLDS

In the foregoing sections the permittivity haé
been calculated for the case where the applied field
is steady, that is when the dielectric is in equili~
brium witH the field, The present section will discuss
dielectric behaviour when the frequency of the externally
applied alternating field is such that there is an ob=-
servable lag in the attainment of equilibrium,

When a dielectric material is subjected to an
alternating field the orientation of the dipoles, and
hence the polarization will tend to reverse every time
the polarity of the field changes., As long as the fre-
quency remains low, the polarization follows the alter-
nations of the field without any significant lag and
the permittivity is independent of the frequency and
has the same magnitude as in a static field, When the
frequency is increased the dipoles will no longer be
able to rotate sufficiently rapidly so that their osci=-
llations will begin to lag behind those of the field.

As the frequency is further raised, the permenant dip-
oles, if present, in the medium, will completely be
unable to follow the field and the contribution to the
static permittivity from this molecular process, the
orientational polarization ceases. At still higher fre-
quencies the relatively heavy positive and negative ions
cannot follow the field variations so that the contribu=-
tions to the permittivity from the atomic or ionic
polarization ceases and only the electronic polarization

remains,
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The above effects lead to a fall in the permit-
tivity of a dielectric material with increasing
frequency, a phenomenon which is usually referred to
as anomalous dielectric dispersion,

Dispersion arising during the transition from
full atomic polarization to negligible atomic polari-
zation is usually referred to as resonance absorption,
This is beyond the scope of this thesis and will not
be discussed., On the other hand, dispersion arising
during the transitien from full orientational pelariz-
ation at loew frequencies to negligible one at.the high
radio frequencies is referred to as dielectric relaxation,

2.5.1 DIELECTRIC RELAXATTION

Relaxation phenomena are associated with the fre-
quency dependence of the orientational polarization and
hence with polar dielectric substances, Orientation pol=-
arization, however, involves atomic groups, and the forces
opposing "rotation" of the molecular dipoles are more
viscous than elastic (Baird, 1968). Thus, when a constant
field is applied the dipolar polarization does not attain
its full value immediately and the polarization decays
over a finite time (t) after its removal, such that the
rise and decay of polarization p is exponential of the
form P=Poe't/Twhere (7) is the relaxation time,

When an alternating electric field is applied, Debye
relaxation behaviour occurs (Fig.2.4). At very high elec=
trical frequencies the molecular dipoles have no time to
change their orientation in keeping with the field since
its period is much less than the relaxation time r and the
dielectric constant comprises only the contributions from

- the electronic and atomic polarization (e. ) whilst there
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ie no power loss. At very low frequencies, however,
the period of the applied field is large compared with
the relaxation time (1) of the molecular dipoles, and
the dipolar polarization is able to build up to its
full éxtent. The static dielectric constant (es) now
contains the full contribution from the dipoles whilst
the power loss is again zero because the polarization
can keep in phase with the applied field. In between
the two regions of constant relative permittivity a
step occurs centred around the angular frequency, tn
(equal to 1/.). In this region, the dipolar polariza-
tion cannot keep in phase with the applied field,
resulting in appreciable power loss with maximum value
at Wm -

The loss‘tangent tan 5 also passes through a peak,
but the maximum value occurs at a frequency slightly
different fromwm. The formula for ¢ and ¢" may be write
ten: (see almost all the text books)

E-zu)
e'(w) = c; "‘EI—S;;‘T?")-_: - (2-23)

e"(w)

and:

it

(P VY T T, g ..

tan § = & = (eg=c,) vV (egt cos?1) memm(2=25)

€ 4
The maximum value of £ , &M occurs when w=Wn= 1/¢
&

E.= (%s-ew)/z —————— e (2=26)
The value of tans, (tans),, occurs at a slightly different

frequency given by (Frolich, 1958).
b SULEE 7P ity (2-27)
i ¢

£

==

and:
(tanéi)m = (E:S— e )/ 2 ¥epbhr = t o (2-28)

With polymeric materials, for example, the pattern of

L

behaviour is similar but the step ine' and the peaks in ¢
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and tan § are spread cut over a wider range of frequency
(Fig. 2=4) whilst the peak heicht is lower than in eqs
(2-26) and (2-28), indicating a distribution of rela-
xation times.

Although the reason for these deviations will be
discussed iatter in Chapter (6) when the different
theories of dielectric relaxation will be examined to
find out the Eauses for dieleciric dispersion, there is
still no harm to discuss some of these distribution
theories briefly since Lheir occurence before Chapter-
6 is essential. Two common empirical distributions,
the Fuoss~Kirkwood and the Cele~Cole pllus that of
Forlich Theory are given here:

(a) Fuoss-Kirkwood (1941)

The result of an intensive investigation on many
polymeric materials led Fuoss=Kirkwocd to assume a
formula 'which ies similar to that of Debye's eq., but

differs in adding a new parameter (g) such that,
é"(m) = B(ES =Ew Wt B
1 + (wt)*s

The maximum value of e",¢" occurs whenuw =uy= 1 wheret
T
is the most probable relaxation time and:

€"= B (es- Em)/a
(b) Cole~Cole (1941).

On the other hand, Cole-Cole assumed on the basis
of many experimental results another formula, i:e.
] n
() =g = Es - &Q{1+@”o)008(n“/2)}
*  T¥2(ug" cos( nu/2) + (g, )2n

() = {Es=e=)(0 1 Ybin( nn/2) !
- 1+2( wt Jncos(nn /2) +(w;)n

The maximum value ofe ", s:“CCCurS vhen =g, = 1
T
‘o
where 2}5 the most probable time and:
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W o ("c, _Em) sin (0W/2)
m = 5 1+2C08 (ng /)

In these equations f andn determine the widths of
distributions and vary betweenO and 1(values near o
indicating a very wide distribution; values equal
to lindicating a single relaxaticn time).

(c) Frolich (1948)

Instead of using Born , Frolich assumed minimum
and maximum relaxation times 7, andt, and used a distri-

bution function of the form:

#¥) = %}\ (t1 st <19

where:
A=\'7KT
f{t) =0 (9 <1 T, < 1)

The above distribution function = corresponding
to an equal distribution of potential barriers over a
rangeV, depends on temperature,

2.5.2 DIELECTRIC RELAXATION IN SOLID POLYMERS

Dielectric measurements on a great number of polymers
have been done by many workers, As a result of their eff-
orts, the nature of the relaxation processes have graduaw
lly become clearer, It now appears that the dielectric
relaxation processes observed in solid polar polymer are
usually called «,B &yrelaxations in order of appearance
from the high temperature side.

The a=~ loss peak corresponds to the relaxation ob=-
served at highest temperature (at a given frequency) or
the lowest frequency (at a given temperature). However,
for polymers in the amorphcus state a= relaxation region
associated with the glass~transition (Tg) is observed
aroun_d and above T-‘.'q and referred to as the primary or

glass~rubber relaxation (McCrum, 1947). From a molecular
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point of view, it has been widely accepted that the
glass=rubber relaxation results from iarge scale con=-
formational rearrangements of the polymer backbcne
(Ishida, 1961).

Such ‘rearrangement occurs by a mechanism of
hindered rotation around main chain bonds. The hinder=
ance 3} ¥;;c£iaﬂéi forces Brownian motions)can be
described in terms of viscous or frictional forces
which result from interactions of the moving segment
with neighbouring molecules or with segments within the
same chain (internal viscosity). The B and y regions occur
belowTé when the polymer is in the glass state, and the
main chain is effectively frozen. These relaxation
regions are ascribed to the side groups of the polymer
molecules undergoing restricted rotation accompanied by
local distortions of the main chain (Yamafuji, 1960).

| However, at temperatures well above Tg,‘the shape
of the o~ absorption curve does not change but segments
of amorphous polymer chains can easily Jjump from one
equilibrium position to another and sc called segmental
motion is highly excited. That is to say, the temperature
depeﬁdence of experimental relaxation time (1) is gener=
ally assumed to take the Arrhenius form:

T = A exp(aH/RT)
where 4H is apparent activation energy for the dielectric
process and T is the absolute temperature, If ( ) is
measured over a wide range of temperature, however, blot
of logrt against 1/T is often non-linear and M derived
by tangents at various temperatures on this plot, increases

with decreasing temperature,
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It is generally accepted that at frequencies and

temperatures corresponding to a relaxation region,
materials absorb energy and maximum loss occurs. The
position of this loss peak at a given temperature,
besides its dependence on frequency of the applied field
also deﬁends on some other parameters related to the
sample struc@ufe, 1.0,

Mol ecular Weight

With amorphous polymers the temperature of maximum
loss for the arelaxation increases rapidly at first with
increasing molecular weight but then levels off and re-
mains virtually constant for molecular weight above
10,000 (Wurstlin, 1949). This can be explained by the
plasticizing effect of chain ends, reduction in free
volume and an increase in activiation energy occuring
as molecular weight is increased up to about 10,000 and
this effect becoming negligible thereafter, This increa-
ses in activation energy lengthens the retardation times
and shifts the loss peaks to lower frequencies or higher
temperatures, With polystyrene and polyvinyl acetate, the
activation energy for the«-relaxation has been shown to
pass through a maximum value as molecular weight increases
and then to fall because the relaxing molecular voiume
is diminished, whilst the relaxation was affected by the
width of the molecular weight distribution. (Kolesov,19567).

Crystallinity and Orientation

Increasing crystallinity will reduce the size of
loss peaks associated with disordered regions and increasae
the magnitude of those arising from crystalline regions

(Ishida, 1962), Furthermore, increasing crystallinity can
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shift the positicn of the loss peak associated with
chain segmental motion to higher.temperatures and can
also affect its shape (Curtis, 1961). Crystalline
polymers shift the temperature of maximum loss still
higher (Oakes, 1954). Raising crystallinity broadens
the normalised loss peaks of the relaxation, particu=-
larly on the low frequency side giving rise to assymetry
(Ishida, 1962).

Crosslinking:

Suffic ient crosslinking will hinder segmental
motion thus lowering the frequency of maximum loss or
raising the temperature of maximum loss (Schmieder,
1953). Crosslinking also broadens the loss peaks for
rubber (Mason, 1964) thus giving rise to wider distri-
bution of retardation times, and it may also reduce the
magnitude of the loss peak and the dielectric increment.
(eg = 2.
Ageing

Ageing may change the dielectric behaviour of plastics
owing to the action of light, ultra violet radtation heat
or outdoor weathering, arising from scission of chain mol=
~ecules crosslinking or oxidation., These may introduce
dipolar groups not previously present; they may cause
ionic conductivity with a consequent rise in loss tangent
at low frequencies and elevated temperatures, or they may
cause a shift in retardation times with a consequent move-
ment of the loss peak, possibly into a working range of
frequency and temperature (Jackson, 1945). Thermal ageing
of Polyvinyl chloride displaced the loss peak to higher
teﬁperatures, increased the activation energy and reduced
the size of the peak owing to the formation of a wider

distribution of retardation times (Bouvier, 1970).
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Plasticizers

The addition of a plasticizecr usually shifts the

loss peaks due to segmental motion in amorphous poly-
mers to lower temperatures at a fixed frequency or to
higher frﬁquencies at a given temperature (Broens, 1955)
and sometimes broadens them as well, Plasticization also
reduces the activation energy and relaxation times for
both a and Breiaxation. Non polar polymers containing
various dipolar plasticizers showed lose peaks consid=
erably larger than that for the' pare material owing to
dipolar orientation in the added plasticizer (Davies,
1967). The comparatively low activation energy found
was attributed to the plasticizers being dispersed only
~in amorphous regions (Boyd; 1959).

Impurities

Impurities may markedly increase the dielectric
losses and shift thewd relaxation peak to lower tempera=
tures (Ishida, 1964). At low frequencies the dielectric
loss of water arises from ionic conduction, but at micro=-
wave frequencies relaxation occurs (Von Hippel, 1954).
When ebsorbed by plastics it may increase the dc conducte
ivity and introduce interfatial polarization, showing
relaxation at low freguencies whilst augmenting dielectric
losses already present at high frequencies, in addition to
any plasticizing action., Thus, water shifts the relaxa-
tion peak of polymethyl methacrylate to lower temperatures
and gives rise to an additional loss region (Scheiber, 1857).

Many fillers are used for incorporation into plastics
to.improve mechanical vroperties, to reduce costs and,

occasionally, tc improve certain electrical properties.



Fillers may introduce dielectric loss through the
relaxation of their own orientation polérization or,
because of interfacial polarization arising from the
two phase system, If the filler is relatively non=-
conductiqg and non peclar the main effect of introducing
it will be to change the relative permittivity (Deloor,
1956) without increasing the loss factor much but if
the filler is relatively conducting the loss can be
considerably increased because of interfacial polariza-
tion (Van Beek, 1967). Obviously, if the filler or poly-
mer absorbs moisture, the effects may be even more serious
and complex owing to increased conduction and interfacial
polarization losses,

2.,5.3 DIELECTRIC LOSSES

In discussing the losses which occur in a dielectric
when it is subjected to an alternating field, we shall
first consider the case in which the permittivity of the
dielectric may bg respresented by its static value, that
is, the frequency of the applied field is sufficiently
low to permit the permanent and induced dipoles to follow
the field variations without any measurable lag, It will
be assumed that the dielectric is ideal or perfect in the
sense that its ohmic conductivity is zero. The relation-
ship between the dielectric displacement density and the
sinusoidally varying field intensity is given by:

D=egy B = 5y cOswt =Fe {EcﬁrEo ejwt} ----- wem (2=29)
The displacement or charging current density is, by
definition:

Jd =-§-§ =R {eocx:;mgﬁeiut}?! = €8, uE, sinuwt

= Enty COB(&H'; + 93 ) ....... {2_30)
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So that the current density leads the field intensity
by a temporal phase angle of 90°, The energy absorbed
per unit volume of the dielectric material (energy

density) and per second is given by:

21 /4
Ve J Bk vt < (2uay}
27
o
substituting for Jq and E, we have:
w . z‘n/w S T ;
U=-3 J ety © Eg Sinwt cosut dt = 0 ————— (2-32)

(-]
So that the dielectric does not absorb any energy from

the field,

The next case is when the frequency of the alternae
ting field to which the ideal dielectric is subjected
is sufficiently high for the polarization to be frequency
dependent, This frequency dependent leads to a complex
vrermittivity:

e¥ = g' = je" @ wewem—- me—— (2-33)

Hence, the corresponding displacement current density is:

Jqa = Re {Eo( e'-J:")Jw'Eo eJut

! '-_"-f.f.' Eo sinwt + Eoe"wEo CO8 t wommmne (2-34)
Equation (2-34) shows that the displacement current now
éonsists of two parts, The first part is the same as eq
(2-30) and, therefore, does not lead to any energy absorp=
tion, The second part which is associated with &' is in
piiase with the applied field, and the corresponding energy
density is: :
v Jz“/‘“ 22
2n

SRR BT U e (2-35)
This eneréy apbears as heat in the dielectric., Eq (2-35)

U=

shows that the energy density absorbed by the dielectric

is proportional to ¢' and, consequeriiy, ' is known as the
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loss factor; the variation of &' with frequency gives

the absorption characteristic or spectrum of the diel-
ectric,

A knowledge of the dielectric loss of dielectric
materials used for insulation or in the manufacture of
condensers is of primary importance in high frequency
electrical engineering problems, Excessive losses will
not only reduce circuit efficiency but will cause un-
desirable heating which may lead to electrical or
mechanical failure of the dielectric., Figure (2-5)
summarizes the frequency dependence of ¢ and ¢' for
a dielectric having the three most important types of
polarization,

In practice, it is found convenient to specify the
absorption losses in a dielectric (at a given frequency
and temperature) by the loss tangent. Thus, eq,(2-3l)
may be rewritten as:

Ja =¢, wEo|e lsin(ut -6)
where: '

gin g = sy]srl : cos § = E/Ierl
and the loss tangent:

tan 5=€“/g'
where 6§is the angle between the total displacement current

Jq and its losses component,






I~
wn

Experimental Methods

3.1 Introduction:-

The electric properties of a dielectric substances
3

are usually described in terms of the complex dielectric permittivity
gx = ¢' - je". For most materials this quantity is independent of the
strength of the electric field over a wide range, but its value varies
widely for different materials. For a specific material the dielectric
constant is a function of the frequency of the applied voltaée and also

depends, in decreasing order, on other parameters, such as temperature,

pressure.s.... etc.

Determination of dielectric constant can be made by measuring the
response of the material to an externally applied electric field. The
response can be obtained by a number of methods, which divide into two
main categories namely: alternating current and direct current measure-
ments. The choice of measurement technique is largely determined by
the range of frequencies that are of interest for a given material.

Table (3.1) summarizes the methods which are employed in particular
regions within the large frequency range and shows that the lowest fre-
quency obtainable with conventional bridges based originally on Weingarten's
design (1955) could be as low as 5 x 1072 Hz (Schieber, 1961). These
methods however, have the disadvantage of being time consuming and also
suffer from errors due to stray capacitance to earth. The latter can be
made neg@ igible in certain circumstances, or eliminated by an additional
Wagner earth network, (Churcher and Dannutt, 1926). More recently, the
availability of the operational amplifier led (Roberts, 1966) to use it
in the bridge, to adjust the voltage and phase at various terminals, and
to isolate voltage source from loads. By the use of a phase-sensitive

detector, it was possible to establish a balance during the cycle time,

thus reducing the time measurement substantially. Nevertheless this
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Frequency Range Method
Hz
107%  to 10"1. d.c Transient measurements
1072 to 102 Ultra low frequency bridge
10! to 107 : Schering bridge

Transformer bridge

10° to 108 Resonance circuits
108 to 109 Coaxial line
10° to 3 x 1010 Cavity resonator

Coaxial lines and waveguides

Table (3.1). Experimental Methods. (William's, 1967)

method is still not suitable for polymeric solid measurements, because.
in that case relaxation time, especially at low temperature is in general
very long i.e. several hundred seconds, thus indicating that losses in
the material will occur at frequencies below the region of 1073 Hz. Hence
the dielectric response of polymers at very low temperature cannot be
measured by continous a.c. methods, and therefore a d.c. transient method
is required. Accordingly, the classical bridge methods of measuring
dielectric permittivity will not be given that much of consideration,
since details of these methods can be found in the textbooks of (Von
Hippel:, 1954). (Smyth, 1955). (Daniel, 1967). etc, special emphasis
will be given below to the direct current transient method, since its
value and ease of operation have not been fully appreciated by many

workers.



47

3.2 DC Step — Function Measurements (10~% - 107! Hz):-

In principle,
;he simplest way of measuring the dielectric properties of a material,
is to subject it to an electric field, and see how the polarization
develops with time. Figure (3.1) gives a simple circuit to illustrate
the method. Switch (Sl,a) is closed, the sample Cx reponds to the step
voltage V giving rise to a tramsient charge current through Cx which is
measured by the amplifier circuit. After charging equilibrium is attained
switch (Sl,b) is closed and the transient discharge current is measured.
Figure (3.2) shows typical charging discharging dielectric current after
application and sudden removal of a step - voltage respectively. The
measurement of charging and discharging currents demands an electrometer
of very high input impedance, sufficient gain and time constant short
compared with the time constant of the sample. The currené in the circuit
can be measured as a voltage across RL which is equal and opposite to that
across Rs' This can be achieved by feedback arrangement, which tends to

degrade Rs by a factor equal to the amplifier gain, and ensures that the

voltage drop is across the sample only.

The relation between these transient currents and a.c. dielectric
behaviour has been known for a long time. When an alternating voltage
V is applied to a capacitor with a dielectric filling the space between

the plates, the resultant alternating current I is given by
‘I . I + I L L R I B O B B R I ) (3.1)

as shown in Fig (3.3). The current Ic (equal to ijsV, where w is the
angular frequency equal to 2wf) charges the capacitor to the required
instantaneous voltage and leads the voltage by 900, as signified by the
presence of (i = v ~=1) in form of ij‘V,‘but the component: IL’ in phase

with V, arises when the polarization of the specimen ecannot keep in phase



« Sy s
'-{;C ‘ i .
T
::V- . Rgg = l ABpl'ig;?.er .

NS

Fig. (3.1): Schematic Circuit of apparatus for investigating

transient response of dielectrics subjected to
step voltage.
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with V and causes dissipation of energy as heat. The current component
IL will also contain a component due to the d.c. conductivity of the

material. In practice I is proportional to COV and may be written

I by jUJ(E' —jE") COV LR R R R A (3-2)
where C, is the value of the capacitance with air or a vacuum between
the plates. In the other words Co = AJd €, where A is the area of the
condenser, d the distance between the plates and €, denoted as the air
permittivity. Hence

3 : A
= , ny 4

I ju(e je"") 3 eoV

or

= 1 ' 'l 4 L R B B ) -
J jue €' E + we €' E  s.iaenn. (3.3)

where J = I/A the current density and E the field strength between the

plates is V/d V/m.

When a step voltage is applied to the same material, the direct
current which flows behaves as shown in Fig (3.2). If i(t) represents s
the (reversible) part of the anomalcus charging current, or the discharg-
ing current at a time t, after the application or removal of the steady
voltage V, the i(t)l(or the current response ¢(t) per unit voltage) and

the complex dielectric constant are related by the equations (Gross, 1941)

e 3 C
e'(w) = %?-J ®(t) cos wt dt + Eé oo 3.4
(] & (o]
e"(w) = .t “$(t) Bin wt dt | + 2 (3.5)
CD wco - 8 88 -
o —

Where Ca is the capacitance at very high frequencies, G is the steady -
state d.c. conductance, and w is the angular frequency. The first terms

on the right-hand side of these equations represent the contributions to

the dieclectric constant and loss of the relaxation process in the material.
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The second term on the righthand side of equation (3.4) gives the con-
tribution to the dielectric constant of the virtually instantanecus_
electronic and atomic polarization, while that on the right-hand side
of equation (3.55 gives the contribution to the loss of the d.c. con-
ductivity of the material, ¢(t) is known as the relaxation function of

the material.

It should be remembered, however, that:-

a. The derivation of equation (3.4) and (3.5) was based on the
assumption that the superposition principle (Baird. M.E, 1968) is valid.
This states that each step change in voltage produces the same current
as if it were acting alone and the total current at any time is then the
algebraic sum of the currents appropriate to all the step changes. It
is also assumed that the currents are proportional to the applied voltages.
Thus in Fig(3.4) a step voltage is applied at t = O to a capacitor with
a dielectric between the plates. After the initial surge a relatively
small anomalous charging current Ic (not including the steady state
current) is produced which may decay over a period of months. If, now,
the capacitor plates are short circuited after a time to, an' opposite
discharging current - I (of magnitude Id) is produced which decays
according to the same law. The discharging. Id may be represented at

any time t. > t0 in terms of the ,current - Ic starting at t = t_ and

1 o

the positive charging current + Ic extrapolated to t = tl. According

to the law of superposition;
- L - e o + R R R .
Id(tl) Ic(::1 to) Ic(tl) (3.6)
Obviously Id is less than its correct value because the charging
current + Ic 8t £ = to is not yet equal zero.

b. In chapter one, it was mentioned that all materials conduct

electricity, if only to an extremely slight extent. In this chapter,
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Fig., (3.4): Behaviour of the charging and discharging current,
. illustrating the law of Superposition Principle,
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Fig (3.2) and equation (3.5) shows the existence of such conductivity

in terms- of the d.c. conduction current Jc’ due to electronic or ionic
carriers, and its contribution to loss factor €". Equation (3.5) refers
to a dielectric, so that the current in the above equation can be defined
as a displacement current, such that J(t) = dD(t)/dt where D(t) is the

displacement current, J(t) is the density current. Hence,

J(t) = JD(t) + Jc et LRI Sy T

where JD(t) is the current due to relaxation process in dielectric.

1f, now, the conduction current behaves according to Maxwell's
equation such that; the current carried by any kind of carriers is

independently of time

div Jc - 0 EEEEEEEEEE R E E R R N N (308)
Thus t

D(t) = J JD(t) dt sesssssesacaiee (3.9)
o

Equation (3.9) implies, therefore, that the superposition principle is
valid and the contacts between the dielectric and the electrodes are
ohmic (see chapter 4). In practice, however, contacts are not.usually
ohmic and this means that a part of the electronic or ionic carriers
which contribute to conduction pile up at the electrodes and build up
space charge which in turn oppose the flow of current (Daniel, 1967).
Hence, Jc decreases with time until a value Js is reached which corres-
ponds to a steady state and obeys equation (3.8). In this case current

may be seperated into three parts

J(t) = Ju(t) + Ji(t) + JS claaissinieaais (3.10)

where Ji(t) represents the dielectric conduction current term due to
space charge build up at the clectrodes. This term lead to a polariza-

tion so thatj;



54

t
D(t) = I (JD(I:) + Ji(t)) dt  isssmsasess -k IsEL)
o

Thus the time dependent parts of the current cannot be separated into
the true displacement current and the current which builds up an inter-~
facial polarization as long as all effects are linear. However, the
build up of space charges at the electrodes implies non-linear behaviour
of D(t) as a function of E(t) and invalidate the principle of superposi-
tion, so that the complication introduced by non-ohmic electrodes and

interfacial polarization are serious in principle,

¢y The switching at t = O is accompanied by a sudden change
of ¢, E in the electric displacement and it is equivalent to the term
Ca/Co in equation (3.4). Theoretically this should last an infinitely
short time, that is the current corresponding to it should be a delta
function., 1In pracﬁice, the external circuit attached to the dielectric
sample does not respond infinitely fast, and the switch surge lasts for
some time,

Hence all time constants in the external circuit must be kept as

short as possible (this will also be discussed in detail in chapter (4)).

d. The frequency-dependent complex dielectric constant and the

time - dependent charge - discharge currents, equation (3.4) and (3.5)

L]

are related, such that

ex(w) = €e"(w) - je"(w)
-]
-jut P
= ew + { I ¢'(t) e dt} bjC L B (3.12)
o o
where ¢'(t) = ¢(t)/Co and € = Ca,co is the high-frequency (unrelaxed)

dielectric constant of the sample.
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It is important to note from equation (3.12) that ¢'(t) does not
contain the contribution to observed charging current from the steady
d.c. conductivity of the samples. The loss factor of the sample is thus

separated into two components and hence the relaxation component of the

complex dielectric constant from (3.12) is

o0

[--]

ed(w) = g + J¢'(t) e"ju": dEt ssesesesves 13430
o

For the real and imaginary part of dielectric constant

g} im g b J ¢'(t) cos wt dt sio ilaanesion (3.14a)
o]

e"(w) = Iw¢'(t) cos wt dt O T (3.14b).
(]

Thus €'(w) and €"(w) can be obtained at any chosen value of w if ¢'(t)

is known over the range t = 0 to =,

In practice, however, ¢'(t) may be a complicated function of time.
and the integration of equation (3.i3) cannot be performed analytically.
In these circumstances, the integration must be performed numerically
at a given w value. This may be done with the aid of a computer. If
¢'(t) is known over its entire range of time, numerical integration of

equation (3.13) will yield exact values for e'(w) and €"(w).

A less satisfactory procedure which avoids exact Numerical integra-
tion has been used in practice by postulating a certain form for the

current decay function.

Hopkinson, (1901) found that many materials at a fixed temperature

obey the following relation

10 R ol RN M
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where A and m are constant for a given material. Using this expression
for ¢(t) in equations ‘(3.4) and (3.5) gives

m—1 ¢
e'(w) = {w A T(1l-m) cos ((1_—m)11/2)} +E£

]

for 0<m<1 LR R (3-163)
and

e"(w) = {mm—l A T'(1-m) cos (m n/Z)} + Eg_
o

for 0 <m < 2 ware' N LA

where I'(l-m) is the gamma function, which has been calculated by some

workers, see (Hodgman, 1958).

These relations have been known for some time but Hamon (1952)
showed that the expression for €" could be reduce to a simple approxima-
tion,

Thus €" may be expressed in terms of the relaxation function ¢(t1)

at a given time t1 as

. 8"(0.‘:) " {¢(t1\’/wco) } + ;E:_ O R (3.1?)
(o]

provided that w and tl are related by the equation

o, = {TQ-m) cos (m1/2)) SLAs e T msied

The expression on the right-hand side of equation (3.18) is almost
independent of m in the range 0.3 < m < 1.2 having the mean value 0.63

" and so equation (3.17) may be written as

") T G/ V) + ;f:i; LR o i TR

where

£ oJe3 04l
t _ w f R R (3020)




However, the assumption in equation (3.15) cannot hold from t = 0 to

w, since it would give D + » if t + ® and m S 1, Furthermore, substitut-

ing equation (3.15), in terms of decay function Ke—t/T, where
AL 3
K e in equation (3.13) leads to an equation;
B e
AR + o P sessenman .
£ 5 R (3:21)

which is the familiar equation for single relaxation process. In fact
most of the materials, especially polymers, have broad distribution curve
and obey Cole-Cole distribution accurately or approximately rather than
the above Debyé’s equation (3.21). This raises a certain difficulty in
accepting Hamon's approximation. This problem has been treated by
Williams (1962), who expressed the decay function ¢(t) from Cole-Cole
approximation for characterizing relaxation time distribution. William's

calculations result with

wt = [r(n) sin (n n/2i]-1/(1-m) = Y1
for wt >> 1

and

o = [ru-n) sin (n nfz)]-lfthn) s

n

for wrt << 2

where n = 1 — « and « is the factor determining the width of the distri=-
bution.

The values of ¥ 1 and X 2 were evaluated by Williams for a range of
n values. He found that x 1 = 0.62 * 0.03 for n between O and 1, but
x 2 = 0,61 + 0.02 for values of n up to 0.3 only. Thus for times << L
the Hamon's approximation can be obtained for all n values, while for time
2r R it is valid for n values up to 0.3 only and T is the most probable

relaxation time. Hence, the very short time and high-frequency and the

(very long time and low=frequency) behaviour of a dielectric meterial with

a Cole-Cole distribution of relaxation times does conform with Hamon's



approximation. The most important region, however, is the actual

dispersion fegion where mj’% 1 and t = 1. Then the previous theory
does not apply. Williams used in this case values of ¢(t) at various
(t/t) and n valu;s, which had been tabulated by Cole-Cole and putting

(as - a@/T) equal to unity.

Although, William's correction may give better results than Hamon's
approximation, this method still unable to provide a direct calculation
6f €' (see chapter one). Therefore, the fast fourier transform technique

seems to be the right method to be adopted for €' and €" evaluation.

3.3 D.C. Ramp Function Measurements (10"1 - 100 Hz) :-

Using equation
(3.13) together with equation (D.5), a step voltage V applied at t = 0

gives

- -t
Ve, (e, —ee

1 o= emcbv'd(t) + ~ —

(3.22)

where 1 = RCO(co =g )y C0 is the capacitance of the empty condenser in
the parallel RC combination Fig (3.5); equivalent circuit for a parallel-

plate condenser containing a Debye dielectric.

With the ramp voltage V(t) = V t/T, 0 <t < T; V(t) = 0; otherwise,
the current I(t);

cV
ift) = -2— [e, + (e, = el - exp (- tl1)H, seeases o (3idd)

Accordingly, the step and ramp voltage could be used to provide

satisfactory data on polymeric materials.

Davidson, Auty and Cole, .(1951) have described apparatus which
uses an applied ramp voltage. The ramp voltage has the advantage that

the leading term in equation (3.23) may be made small compared with the
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leading term in equation (3.22), and the second term in equation (3.23)

is zero at t = 0, while the corresponding term in equation (3.22) is not,
Thus large transients at short times are not as much of a problem as with
the step voltage: The apparatus is intended for use over the time range
10~3 seconds to several seconds, corresponding to maxima in the dielectric

loss in the range 107! to 100 Hz. Fig (3.6) shows the elements of the

apparatus.

The ramp voltage is obtained by charging polystyrene dielectric
condensers with the essentially constant plate current from a cathode =
loaded tube. The maximum voltage obtainable is determined by a diode
which stops the sweep by conduction. By combining dielectric condenser
capacities of 1 pF to 10~"* uF with two different cathode resistors, ten
sweep durations from 1.5 seconds to 5 x 1075 seconds are possible. The
current in the sample is émplified and feed to the horizontal plates of
an oscillograph. To maintain the potential of the guarded electrode
the same as the guard electrode, a feedback circuit is employed to

reduce the input impedance of the amplifier.

However, in such measurements two problems are encountered ;hich
limit the time scale over which the apparatus may be used. To obtain a
useful record, T must be long compared with t. However, if T is very
long, the current in the sample will be so small that measurable deflec-
tions on the oscillograph will not be possible. On the other hand, if t

is very short, the response time of the detector will be too long.

With a ramp voltage of O to 200 V, displacements on the oscillograph

were sufficiently large to allow determination of the current to * 2%,

Coming to the end of the section, we ought to mention that beside
the abové d.c. methods Raddish (1970) used a method in which he measured

the charge on the condenser plates rather then the current through the
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sample, This method has the advantage that. the decay function is
obtained directly and 9(t) is bounded at short times, whiie t(t) is very
large. However, the curréut seems easier tb measure and more reliable
since no prior assumption is required about the nature of the dielectric

response (see chapter 1 and section 3.2).

3.4 A.C. Measurements For Frequencies Below 107 Hz):-

The vast majority
of dielectric measurements employ alternating current methods. These

methods are usually subdivided according to the frequency range used.

The frequency range between 1072 and 107 Hz is the most convenient
frequency range, where bridge methods may be used, in that the impedance
of the capacitor containing the dielectric is balanced against a known
combination of discrete resistances, capacitances, or inductances. Modern
commercial bridge are usually varients of two types of basic circuit,
namely the Schering bridge and the transformer ratio bridge; The Schering
bridge designed by Scheiber, (1961) can be used for frequencies down
‘to about 1072 Hz, so that there is no frequency gap between direct and

alternating current methods.

The most primitive form of Schering bridge is shown in Fig (3.7).
It is a special case of a bridge with four arms analogous to the
Wheatstone bridge originally used for direct current measurements, Such
a bridge is balanced if an alternating voltage applied to opposite
corners of the rectangle leads to zero voltage across the other pair of

corner. When this condition is achieved an equation
z‘f(w) zg(w) — z%(u\) z%(w) Srssrsssserasnes (3.24)

holds between the complex impedance of the four arms. VWhere Zf(w) is the

impedance of the capacitor which contains the dielectric under investigation
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and according to Appendix (c), Z*(w) is proportional to e*(w) of the di-
electric. Equating of the real and imaginary parts in equation (3.24)
yields the complex dielect?ic constant of the dielectric as a function
of Zz(m) to Za(wf which are the impedances of components or combinations -
of components which may be known with high accuracy. On the basis of
the simple circuit (3.7) one might suppose the bridge measurements could
easily be carried out so as to give high precision. In practice, higher
accuracy demands a skill in bridge design. The main reason for the
difficulties of bridge design lies in the presence of "stray" imped-
+ances, inductances and capacitances between the different components

and between the components and earth.

A Schering bridge for accurate work minimises strays by shielding
énd a guard circuit. This is, all stray capacitances and resistances
go as far as possible to an earthed screen and are balanced out by an
augiliary circuit which enables the detector points to be brought close
to earth potential., A well designed Schering bridge carefully operated
may be used to measure small loss angles with and accuracy of * 10°€ in

increments of tan & (Anderson, 1964).

Figure (3.8) shows the basic feature of a transformer ratio bridge.
This bridge is, also, analogous to a Wheatstone bridge, but two arms
consist of the two windings of a transformer., When a voltage is applied
to the bridge the magnetic flux is common to both windings. This has
the consequence-fhat any stray admittance across the winding on the spe-
cimen side is "reflected" by the transformer to appear present on the
standard side. In first approximation the strays cancel against their
own reflection. Hence a transfoermer bridge is less affected by strays
to earth than a Schering bridge. La+er designs of this type of bridge
use two transformers, thus isolating the bridge from the source and

detector, as shown in Fig (3.9). Tappings on one or both transformers



Fig. (3.7): Schematic Circuit of the simplest type
of Schering bridge.

s\ S

Fig. (3.8): Schematic Circuit of the sinplest type
: of transformer bridge.
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may be used to balance a wide range of values of the unknown against
standards of moderate range. Strays to earth may be minimised by

connecting shields of cables etc. to the neutral.

The accuracy of transformer ratio bridges may be as high as for
Schering bridges, but the highest precision is likely to be confined to
a less wide frequency range than for a Schering bridge. The upper
frequency limit of the use of transformer ratio bridges is set by the
inductance of the leads to the specimen, A limit of a few MHz is typical
for the use of a commercial bridge with short leads, a capacitance
< 10710 F and a permitted error of less than 27 in increments of tan §

(Paniel, 1967).
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The Present Work

4.1 Introduction:—

The present work is mainly concerned with the design-—
ing and developqééﬁt of an accurate, fast and economic technique, (see
chapter one), for the dielectric properties measurements at very low fre-
quencies. Thereforc; a d.c method was adopted and developed later to
the extent such that the work can be divided into two parts:

The first involves the direct measurement of subsequent transient
current. This current is then sampled and stored by an on-line computer
which then proceeds to evalute its Fourier transform. On the other hand,,
the second method implies the application of the step response of an
ideal low-pass filter to the dielectric sample and then follow the same
procedure above. The method is called an ideal low-pass filter technique
while the first is known as the step-voltage method. Both methods are

now explained and discussed.

4.2 Step Voltage Technique

4.2.1 General Description:-

The whole apparatus used to measure the
dielectric step response is shown diagramatically in Fig (4~1). The
test~cell and electrometer amplifier were electrically screened from
outside interference and each other by placing them in two separaté alumis=
nium boxes. The precaution was most important because the electrometer
amplifier had a very high seansitivity of the order of 1 picoamperes. The
test-cell unit was then placed in a controlled temperature environment that
could be maintained at any temperature between - 10°C and 50°C to within

+ 1°C. A1l leads entering and leaving the test-cell and electrometer

compartment were co—axially screened.

The step voltage response was determined by applying a step voltage



Conirol

el AL
s
- -

i EST

RELAY

' -
u'n;t

el

maewer

AMP.

[
B il oty s :.LPO"'

Ci.OCK
AlD FMi6008B
. [, e
Converier Computer
e
OUTPUT
PERIPHERALS

Fig. (4.1): Diagram of apparatus for measuring dielectric

permittivity.

Piotter

39



69

to the dieleetric specimen and then measuring the current response. It
was desirable that as much energy as possible should be transferred to
the dielectrie, so that an easily detected response was obtained. Thus
it was necessary‘to maximise the area of the sample under the step while
still observing firstly that the response (current) is linearly propor-

tional to the step-voltage magnitude and secondly the charge saturation

did not occur in the amplifier.

The latter is most important, since a traversal of tﬁis would intro-
duce non-linearity into the system, making analysis of results most diff-
icult. William's (1962), obtained good results for dielectric response
to step voltage between 60 and 150 volts, and was able to confirm the
linearity of the results. It was therefore decided to use step function
of similar magnitude. The application of such step voltage to the di-
electric sample of critical cross—sectional area and thickness (see sec
4.2.3) resulted in a large displacement current at the positive edge of
the step. This displacement current was sufficient to saturate the input
circuit of the electrometer amplifier causing it to remain "latched up"
at full scale for some seconds after applying step voltage, thus render-

ing it incapable of measuring the true step response.

Consequently, it was necessary to devise a circuit that would protect
the electrometer for the time required for the step voltage to rise up to
its final value. A device was required that would either short-circuit
the amplifier input or does not allow the output to swing up or down
during that time, but that would be an open-circuit for time after that.
The amplifier had an input impedance of 1012 Q. The switching device
had to satisfy the following conditions in having (1) an open—circuit
impedance > 10}2 (2) remotely controlled operation from outside the ampli-
fier screening, and (3) relatively fast operation. Some make and break

device, called the reed relay was used and found to satisfy the above
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conditions quite adequately by connecting it across the amplifier's feed-

back resistance; sec(4.2.3).

The control unit basically produced the timing for the sequence of
events,Fig (4.2) necessary to measure the step response. On receiving
a trigger pulse, either manually or from the computer, it initiated the
experiment by: (1) closing the relay to protect the amplifier, (2) produc-
ing a short delay (1Oms) to allow the relay to close before (3) producing
a high voltage step, (4) producing a trigger pulse to initiate sampling

through the A.D.C. when the response started.

A circuit was required to obtain this sequence of events and a com-

plete explanation of the circuit is given in sec (4.2.4).

The sampling rate is a most important variable in these measurements
since it effectively band limits the response. By sampling theorem, "the
sampling rate must be twice the highest frequency present in the sampled
signal". Thus the response is band limited to half the sampling frequency,
but if frequencies higher than this are present in the response, "aliass-
ing" will take place in the Fourier spectrum of the sampled signal render-—
ing every interpretation of the frequency spectrum quite meaningless.

It is, therefore, necessary to band limit the response to half the sampl-
ing frequency and thus the response is passed through a low-pass filter
before it is sampled. The implications of disobeying the sampling theorem
in this experiment would be particularly damaging, since the quality of
results depended on the correct interpretation of the Fourier transform
of the step response. In practice it was found the effect of omitting

the low-pass filter was not as severe as might have appeared, due to the
band limiting effect of the electrometer amplifier. But the presence

of the filter could be justified by it almost entirely eliminating necise

associated with the response.
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Measurements of dielectric properties of material
over a wide range of temperature are often difficult due to the lack of
a simple cell which has a good response to cooling or heating. Such
difficulties may be overcome by using elaborate cells, sometimes incom-
porating a thermostaiically controlled air styeam (sce for example Van
Turnhout 1975). Two simple cells have been used, their advantages include

simplicity of construction, ease of operation and a good thermal response.

Fig (4.3) shows a three-terminal cell which we have used for solid
dielectric materials (e.g. solid polymers). The disc sample, 50 mm dia=
meter, is contained between the high potential electrode and the low
potential electrode (43 mm diameter). The electrodes are insulated from
the cell body by PTFE liners. The cell body together with the two elect—-
rodes were made in brass. The cell was constructed to avoid: water con-
densdtion on the sample at very low temperature. Effectively, this changes
the dielectric properties of the disc sample by introducing a new layer
of different nature (see chapter 2). Later on, however, measurements
were confined to range of temperature between 30°C to 50°C and therefore,
there was no need to use the cell. Consquently a new one with large

diameter giving easy response was used.

The new test-cell is shown in fig (4—=4), the latter being an accurate
full size drawing that was used for its construction. All critical
dimensions i.e. the electrode diameter and thickness were machined to
within .001" (see Wilding, 1973). The insulating parts of the ccll were
made of PTFE, that is because the PTFE had some particularly desirable
insulating properties; It was easily machined and tapped. In fact, the
electrical properties of the insulator are not very relevant here, since
the insulating material does not come directly in comtact with both

electrecdes and the upper electrode, through which the step voltage was
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applied to the dielectric, rested solely on the specimen.

The specimen was a disc 7 cm in diameter and typically 1.34 mm
in thickness, and was machined to the same tolerance as the electrodes.
This arrangement of dielectric specimen and test-cell is fairly normal
and has been used by many experimenters, a detailed account of a more

elaborate cell and an analysis of residual losses see (Scott and Harris,

1961).

The lower electrode consisted of a guarded electrode surrounded
by a guard-ring which was earthed so that surface leakage currents and
field fringing did not affect measurements which were taken from the
guarded electrode. As a general rule the width of the guard-ring should
be 10 times the electrode spacing in order to overcome the effect of

field fringing (Von Hippel, 1958).

Connection was made to the guarded electrode via the inner conductor
of a co-axial socket, the outer casing was connected to the guard-ring
which was earthed via thick copper braid to the screen surrounding the
cell. Co-axial cablesconnect the input of the amplifier directly to the
guarded electrode. Fianlly a 3 1b weight was placed on top of the upper
electrode, but separated from it by a PETF disc for insulation. This
weight was used during all measurements and provided constant pressure

to ensure an intimate contact between dielectric and electrode.

4.2.3 Picoammeter Design Techniques:—

From a study of earlier work, the
current level to be measured in this type of work was not expected to be
greater than about 10 PA and therefore an amplifier was required. It
should be a high gain amplifier capable of detecting currents 10-12 Ay dve,
a picoammeter and amplifying them sufficiently to give an out-put in the

range of 0-10V, the range of the A.D.C. It was also desirable to be
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stable over long periods of time, fast and it should generate the mini-
mum of noise. The last two conditions were conflicting since both over=
all noise and speed of response were proportional to bandwidth, and some

compromise had to be obtained.

Now in order to-achieve sufficient sensitivity, past experimenters
have often resorted to integrating the currents in order to overcome
noise problems (Hyde, 1971). This technique unfortunately makes inter=-
pretation difficult and only if the transient currents were of the
predicted shape would it suffice, but chapter (3) shows that such an

assumption is invalid.

However, bandwidth of picoamnmeters can be more suitably expressed
as a risetime for this application. This is defined as the time taken,
tr’ for the output to change from 107 to 907 of its final value, in
response to a step current input. Another alternative is to express the
speed in terms of the time constant of an equivalent RC network. An
approximate expression relating these is given by (Keithley, 1972).

.35
3dB

1 = 2.2 CR

where f3dB is the 3dB bandwidth.

The straight forward method of measuring a current is to pass it
through a sufficiently large resistor and monitor the voltage drop. This
is known as the shunt.method and requires a high input impedance voltage
fellower if the subsequent circuitry is not to load the resistor. The
major problem concerns the capacitance present at the input which forms
a CR circuit. So for a sensitivity of 1 V/PA, i.e. a 1012 q resistor

and stray capacitance of 10 pf, the time constant would be 10 sec.

Another approach is to monitor this voltage drop with a vibrating
capacitor electrometer. This can have a sensitivity of 1O mV with an

1016 @ input impedance but sadly the instrument itself exhibits a
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risetime of about a second (Evison, 1976).

The alternative is to use the "feedback" method. This, as the name

suggests, places the high value resistor in the feedback loop of a high

gain amplifier. This is illustrated in Fig (4.5). C2 is: the total eff-
ective capacitance across the input, and Cl is self capacitance of the
resistor Rl' The amplifier, gain K will need to be the electrometer-—
class namely having very small input bias currents so as not to swamp

the current being measured.

The output 90, expressed as a function of time in response to step

current input of magnitude i, has been shown to be (Praglin and Nichols,

e = -"'J?l 1 ex = 't' = - 22 ( 2)
o ]"’]K p . C L R R ) 40

2
Ry G * €

Hence, for a sufficiently large K, the time constant is now unaffected
by the input capacitance and is only dependent on the self capacitance
of the resistor. Typically, this would be 1 pf - 10 pf, giving an im-

provement in time constant over the previous example from 10 sec to 1 sec.

This self capacitance can be minimised by the inclusion, in the
feedback loop, of a compensation circuit as shown in fig (4.6). When

this RC network has been adjusted so that

o5hy PG R
then the new effective time constant has been shown by Praglin and Nichols

to be
Rl (C1 + Cz)

K.+ 1
This implies that the respouse spead would now be virtually unlimited.
Thus the circuit shown in Fig (4.6) was constructed and an amplifier that

seemed idealy suited to this application was a "Computing Techniques
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Fig. (4.6): Modified Piccammeter.
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Electrometer Amplifier", type MF1-2, This device had the following
desirable characteristics: an input impedance of 101.2 Q, open loop gain
of 10°, and an output voltage drift of less lmV in 24 hours. The amp-—
lifier had an ouzput range of * 10V into a 2K load. The feedback resis-

tor Rf was a "Welmegox Type 3811" and had a value of 10!2 9 + 1%Z.

To measure the risetime of the modified picoammeter it was necessary
to apply a step current of very low magnitude. It was not practical to
applf a square wave directly to the input of the picoammeter due to its
high sensitivity. Therefore a triangular waveform was coupled to the
input via a small capacitance, typically 5 pf. This capacitance and the
input impedance of the amplifier resulted in an RC network, Fig (4.7),
which differentiated the triangular wave giving a square wave of the

right order of magnitude.

The above analysis however, assumed that the resistor's self cap-

acitance can be lumped together as C,, but in practice it is distributed,

1’
thus the component acts as a delay line and the final improvement was
required to minimise this distributed capacitance. One approach by
(Kendal and Zabielski, 1970) is to apply feedback to the middle of the

resistor, thus making use of the distributed capacitance. With optimum

adjustment, a fivefold improvement is risetime is claimed.

An alternative and perhaps sounder approach, has been given by
(Presley, 1966). This method establishes an electric field to match the
voltage gradient along the resistor. This is illustrated in Fig (4.8).
The concept is to eliminate along the resistor, any stray capacitor to
earth., In practice, this is achieved by mounting the resistor between
two large metal plates. One is at earth potential (to match the virtual

earth input), and the other is driven by the output of the amplifier.

Effectively, both modifications were not necessary, firstly, because

the compensation network decreased the rise time of the picoammeter 1 seec to



[
Fig. (4.7): Square wave testing circuit.
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10 m sec, see square wave response Fig (4.9), and this was an adequate
improvement and secondly the dielectric relaxation times of polymeric

solids are in general very long,

4,2.4 Protection Relay:-

It was mentioned earlier that a relay was used
to protect the amplifier for the duration of the step-voltage rise. .
There were obvious problems in operating a relay in the vicinity of a
very sensitive amplifier, these were due to electrostatic and/or electro-
magnetic coupling between the relay coil and input circuit of the ampli-
fier. To a large extent these problems were overcome by positioning

the relay as far as possible from the amplifier.

The relay used was a "Radio spares miniature reed-relay", Its
contacts had an open-circuit resistance of 1013 @, this being the
resistance of the glass bulb, in which it was sealed. This value is
greater than the output impedance and many orders greater than the
effective input impedance of the amplifier, thus the relay could be
assumed to have a negligible effect, on the amplifier, when open-circuit,
Fig (4.10) shows the circuit diagram of the whole test-cell and picoa-
mmeter units.,

A zero off-set control is provided for the amplifier, this allows

the output to be set to zero when there is no input current.

4,2,5 Low-Pass Filter:-

The necessity for using the low-pass fil-

ter sprang from the need to obey the sampling theorem and;

a = Eliminate the noise associated with amplifier

b =~ Bandlimit the response of the auplifier
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Square-wave response of unmodified Picoameter.

Fig. (4.9): Square-vave response of modified Picoaneter
(Rise-~time ioncreased by inertia of Pen Recorded.
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However, there are three major sources of noise

1 - Johnson noise current in’ in the feedback resistor
2 - Awplifier current noise, ia

3 - Amplifier voltage noise, Pa

The R.M.S. Johnson noise current is given by

§ / 4KT Af
1n "'_""R__' R R R (4.3)

where K is Boltzman's Constant, T is the absolute temperature, Af is
the bandwidth and R is the resistance.

This expression assumes that the picoammeter's bandwidth has a
sharp cut off, but in practice it will have a 6 dB/octave roll off.
Also the resistors used never reach their theoretical noise performance,

80 an empirical expression often used (Weinberger, 1971) is

o BLaw - fAET. A b
1n 2 R.tr sses e (4-&)

This expression, for a 1010 resistor and a risetime of 1 ms gives

a noise current of about 10713 A,

For current transient analysis, the R.M.S. value of the noise is
less interest than the peak to peak value. It can be shown that the
magnitude of the noise is less than 2} times the R.M.S. value for 997

of the time, so the following relationship is used.

Ipp = 5 IR.M.S. A R A (4¢5)

The amplifier current noise depends on the particular amplifier
and the overall risetime, but for modern electrometers, it would typically

be 10715 A, and can hence be ignored.

The amplifier voltage noise unlike the cther sources of noise, is

unlimited by the overall bandwidth and depends on the amplifier's open
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loop bandwidth, This noise voltage can be expressed as an equivalent
noise current, when it is referred to the input. A typical noise

spectrum is shown in Fig (4.11).

-

Here FD represents the bandwidth of the feedback resistor and the

input capacitance, F

1 that of the overall picoammeter and ¥, that of

the electrometer.

Now the total noise is given by the area under the curve and this
noise spectrum raises several points. The first is that the spectrum
is flat upto the limits of the electrometer, typically 1MHZ., Hence a
filter is required on the output to limit this and its effects are shown
for 2 different filters acting at a frequency FZ’ It can be seen that
a6 dB/octave filter is insufficient and that a 12 dB/octave filter is

essential,

Fig (4.12) shows the effect of an increase of input capacitance.
This shows the importance of minimising this capacitance. Other sources
of noise include electrostatic interference, microphonic effects and
the picoammeter was very sensitive to mechanical vibrations, so great

care was required to minimise all these effects in the apparatus.

Relaxation times of polymeric solidé material are usually very
long. Accordingly the maximum loss occurs at very low frequency and
the sampling rate required to satisfy the sampling theorem is very'aow
too. Therefore the high frequency components in the dielectric response

should be eliminated and unlimited increase in bandwidth of the

amplifier was not necessarily desirable.

The filter used to bandlimit the response was an active filter of
6th order, and its break frequency could be varied from 1 HZ upwards.
1t was quite adequate for bandlimiting the response but its square
wave response tended to "overshoot", this was probably due to its higher

crder,
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4.,2.6 Dielectric Samples:-

Choice of Polymer:-—

It was mentioned earlier that d.c. instead of a.c.
technique was adopted to evalute the variations of relaxation times of
polymeric solid materials as a function of temperature at a given fre-
quency.

Consequently, in the choice of a material to illustrate the above

method, three characteristics were considered desirable.

ke It should have a principle relaxation region near room
temperature. That is to say; the low frequency absorption region of
some polymer - i.e. polyoxymethylene (William's, 1963) - occured at very
low temperature i.e. — 83°C, and therefore a cryogenic apparatus is

required which is not avaliable in our laboratory.

2. It should not depolymerise during moulding. Depolymerisation
is a process of decomposition that takes place at high temperatures when
long chain molecles of a polymer tend to break up. This results in a
reduction in molecular weight of the polymer which changes its physical

properties.

3. It should have been thoroughly studied previously to give

a comparison of results.

These considerations led to the choice of polyvinyl actate (PVAC)
and the sample used was PVAc 500,000 contained from B.D.H chemical Ltd
(Wilding, 1973). It was easily moulded in a heated press, at 100°C
into sheets of thickness 2 mm, from which 7 cm diameter were cut. The
glass-rubber transition temperature. T , of PVAc is 28°C, and it there-
fore exhibits a reiaxation (Deutsch, Boff and 'Reddish, 1954) above
this temperature. Consequently, it was siudied well into this region

o 3 o ea . . - -
at about 40 C, which incidentally, gives convenient comparison with the
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results of (Saito, 1963). A thorough account of the dielectric proper-
ties of PVAc and other polymers is given by (McGrum, Reed and Williams,
1967).

The sample disc was machined flat as accurate as possible and very
slowly otherwise the heat generated by the machine tool melted the sample.

The finished sample had a thickness of 1.34 nm,

4,2,7 The Control System:-

The circuit diagram of the control system
is given in Fig (4.13). The operation of the system was triggered by
a negative going edge pulse, derived either from a manual switch or
directly from the computer. The negative'edge triggered three monostables
A, B and C simultaneously. Monostable A produced a pulse driving a
transistor switch which operated the relay, B produced a short delay
pulse before triggering the JK Flip-Flop which operated a high voltage
transistor switch, C produced an inhibi{ing pulse that is longer than
the relay pulse, and this stopped premature triggering of the A.D.C. due
to any spurious pulses generated by the action of the high voltage tran-
sistor, Fig (4.13) also shows the waveforms associated with the

components of the system,

SN74121 monostables in integrated circuit form were used which
could produce pulse widths from a few nano-second up to 40 seconds. The
p-ilse width is determined by an external timing circuit connected to
the I-C and is given by

Pulse width, T = CR Log, 2

where C and R are the values of capacitance and resistance in the timing
circuit, B had a constant delay of 10 ms, while A and C had variable
delays which could be selected by a ganged switch, the pulse widths were

changed by a factor of 2 from 0.25, 0.5 and 1.0. Tor this reason
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capacitors and not resistors were switched since preferred capacitance
values are often multiples of two. The reed-relay was switched by a
BC 108 tramsistor, this was entirely statisfactory since the relay had a
coil resistance ;f 5 Kfi, and the transistor only had to pass a few
milliamps. The transistor was switched on by + 5V logic level from

monostable A, The series resistor acted as a current limiter.

The voltage step function was switched by a high voltage transistor,
MJ400, for which vcc e 325 V. The transistor was "on" all the time
except for the duration being required for the dielectric sample to be
subject to the step voltage, when it was switched "off" by a negative
going pulse from the JK Flip-Flop. It remained "off" all the time until
another negative going edge pulse change the state of the JK Flip-Flop.
The RC coupling network was used to improve the switching times of the
transistor. However, when the transistor was "on" all the high voltage
appeared across the 100 K@ collecter resistor, and when it was "off",
the voltage appeared across the collecter and emitter. The H.,T. voltage
could be varied by a 250 KQ potentiometer. Effectively a voltage step

was obtained at the collecter, and this was connected with screened

cable to the upper electrode of the test-cell.

The sampling rate was controlled by an external clock connected
to the frequency divider Fig (4.14), and the trigger pulse merely
applied the divider pulses to the A.D.C., in order to initik sampling.
All the gates were contained in one I.C, and the I.C's all operated
from a stabilised supply of 5V, and the circuit current drain was 0.1 A,
The whole system was constructed on electro~kit board, and the controls;
pulse widths, pulse beight, and the trigger switch were mounted on a

panel for easy operation.
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4.3 . : Ideal Low-Pass Filter Technique

4.3,1 Introduction:-

: Linear filters form a class of system which is
of crucial importance in signal processing. Although in its most general
sense the term "filter" implies any frequency selective device or proce-

2 Whicl,

ssor, in practice it is generally reserved for a systemltransmits a
certain range (or ranges) of frequencies, and rejects others: such fre-
quency ranges one called "passbands" and "stopbands" respectively. We
shall see later that the ideal filter, which would introduce no attenua-

tion of input signals falling within the passband, and infinite attenua-

tion of signals in the stopband, is not attainable in practice.

Hence, an ideal low-pass filter is a linear system - see App (B) -
which acts like an ideal distortionless system, provided that the input
signal contains no frequency components above the "cutoff" frequency of
the filter. Frequency components above this cutoff are completely blocked,

and do not appear in the output.

However, the need for such an ideal low-pass filter may arises from:

a. It is always desirable in such measurements to maximise the
area of the dielectric sample under the step voltage in order to get a
large current easy to detect. The magnitude of such cur}ent, which 1S
bound ' to saturate the amplifier, is mainly dependent on the rate-of change

of the applied step voltage (i.e. i o dv/dt).

Conseuently, a low-pass filter was required to cutoff high frequency
components in step function, thus slowing the rate change of the applied
step voltage and hence avoiding the amplifer's saturation. Effectively,
the prote;tion relay was eliminated and the control circuits: reduced

tc the minimum,
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b. Practically, it is impossible to build an ideal filter
and RC network could be used for this purpose. Unfortunately, the using
of such system wasn't without problems:

The most crucial one is, in the frequency range greater than its
cutoff frequency the Fourier spectrum of the output of such system is
quite simil?r to that of the real sample (see Fig (4.15). Thus, the
final result was a mixture of the Fourier spectrum of both outputs and
mainly due to RC network. Therefore, it was difficult to distinguish
or seperate between the two spectra. Therefore;

The cutoff frequency of the RC network, determined from the relation

-
c 2nRC; *

That is because the Fourier spectrum of the dielectric's response to

f should be far greater than even the sampling frequency.

the applied voltage should be preserved to its own value without any
attenuation. Hence, RC network with large cutoff frequency was required
and saturation of the amplier raised again as the major problem.
Accordingly, the RC network was avoided and the ideal low pass filter

has to be used.

Ideal Low-pass Filter:-

Consider a system which has the following
characteristic. £(t), the input to the system, has a Fourier spectrum

F(jw), see App (A-1), which is such that
FGGu) = 0 Jo| >, ceeeveeennnes (4.6)

Then, the output g(t) will be equal to f(t) multiplied by a
constant or be equal to (£(t) multiplied by a constant and delayed in
time, this is (see App (B)).

(t) e Kf(t"T) ssssssseRs RN (4.7)

In this case, the output waveform will be the same shape as the input

waveform and the system is said to be distortionless.
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Now, consider the transfer function H(juw) of such a distortionless

system. If t = 0, then g(t) = kf(t) and (see App (B-1))

HOe) = k = w, Sw £ w, eleta g e e el (LS )
-

However, if the sytem delays the signal, then by using the time
shift theorem, we have

T M | e L, (4.9)

Thus, the magnitude of H(jw) is constant and its phase angle varies
linearly with time if the system is distortionless. Hence, the transfer
function for the network (filter), which passe§, without distortion,
signals whose Fourier spectrum is O for |w| > w,s can be written as

-jwT
" <ws<

: & -0 w
H(jw) = { c e o s e mivsl CRELOD
0 w > (.IJC

Thus, the transfer function H(jw), such that |H(jw)| = 1 for
~w, S w s W, represent an-ideal low-pass filter. It is illustrated in

Fig (4.16).

Impulse Response:-

Impulse response of the ideal low-pass filter can be

determined by applying e.q.(A-2) and noting that &(t) - 1, such that
9.

h(t) =

Applying Euler's relation and eliminating the odd integraned, we obtain

jwct —jwct
hodey e ) B =8 S 51y
27 | jt T
Then Yo
h(t) = 5. sin wct/mct aivie sl e TS )

This is of the form (sin x/xX). Note that h(t) # 0 for t < 0. Thus

the ideal low-pass filter is non-causal system.
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Fig. (4.16): 1deal Low-Pass Filter Characteristic.
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Step Response:-—

Refering to (App (B—ZI),the time integration of Eq.

(4.13) will give the step response of the ideal-low-pass filter a(t)

where
; =
_ w, sin wct
u.(t)‘ = -2-1}- o t dt LRI R R R (4-14)
o
hence,
w t
c
ol gl X dx o 1 ..
a(t) = o l e i o Sl(wct) SRS [
o

A plot of Si(wct) is given in Fig (4.17). Note that as v, t appro-
aches infinity, Si(wct) approaches 7/2, and that Si(wct) oscillates
around this value. The maximum value of Si(wct) occurs at mct = 1 and
is given by

Si(mr) = 1.85194

Another useful fact is that, the unit step function can be considered
as the sum of two waveforms. The first is simply a d.c. voltage of mag-
nitude } applied to the system at all time and the other is a unit step
voltage from -} to +} applied at + = 0, Fig (4.18). Hence the new func~
tion g(t);

g(t) = ;+%~Si(mct) PRI

represents the true ideal low-pass filter response to the step voltage.
A plot of this function is shown in Fig (4.19). The time axis is in

units of wct.

There are several important facts that should be mentioned. At
t = 0 corresponding to the origin, g(t) is i independent of the value of
. In addition, for any fixed O, g(t) oscillates about its final
value 1. Note that (for t > 0) g(t) "overshoots' and "undershoots"

its final value of 1. The maximum value of g(t) is
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g(t) l = 1.0895
max

w
This occurs at w t =T or, equivalently, at ¢t =-—§ . In addition

for t < 0, g(t) escillates about zero. The minimum value of g(t) is

g(t) = = 0.0895
min
This occurs at t = = n/wc
Comments :~
: 1 Defining the rise time t. as from 0.1 to 0.9 of the
amplitude gives:
=Ny
wctr m or tr = 5%
c
25 The ripple frequency fi is given by fr = %- where;
wT = 2%
c
DA = f
rp c
* 3, The output responseappears to begin even before the

application of the step function. This is because of the idealized

filter characteristics which cannot be obtained in practice.

4. The integral of (sin x/x) cannot be evaluated in .
closed form but, it can be evalvated by numerical means. This integral

is written as

Si{w t) = x - miir + —Eir for 32 30 ORI
c 3'3. 5.5.
and
. 13 . 3 : :
Sl(mct) = n/2 - (=% =Sy e ouie) BIRNX

0! 2y ot
- - — * i g cos % for =10 vol (AT 1B
oy = ) ( )
Hence, the computer was prograsmed to generated (Si(mct) + 1) from
equations (4.17) and (4.18). The obtained function was output through
the General Input-—-Quiput Unit and the final result will be illustrate in

chapter (5).
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B The most interesting thing about the function a(t)
is that:
fC
a) The ratio T where fs is the sampling fre-
. s
quency, could be varied such that;
w t
c
: e % sin x
a(t) = g J e dx
o
1 :
-2'-'-1? Si(w t)
Taking t =, kT where ko & 102, 80
and T = 21/w
c
Hence
e, RV e B o) (4.19)
2“ ms L B B B B BN BN B B A -

Refering to Fig (4.17), the peak occurs when sin x = 0 i.é. x = 7

therefore
wc
-m_ Z“k =7 LR R R I I Y (4-20)
s
or
72 S
ws 21( A R RN TN ] (4.21)

Obviously, the ratio wc/ws can take any value depending on the
number of the points required for the peak to occur, i.e. k. In addition

to that ;

b) For a given ratio fc/fs, fS can be decreased or
increased depending on how fast the function Si(wct) is output. The speed,
of outputing the function's samples, via the D/A converter, was dependent
on the clocking rate of the clocking pulses, generated by a timing clock
used for this purpose. Hence, the sampling frequency, which is equal to
clecking frequency, can be varied by changing the latter and accordingly,

the cutoff frequency will change, see equation (4.21). A programme,
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written to initiate sampling of the dielectric response to the function

Si(wct) and output it at the same time, is shown in App (G).
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Experimental Work and Results

5.1. Dielectric Measurements Requirements:—

It is easy in principle
"l
to apply to a specimen (i.e. dielectric sample) a voltage (i.e. step
function) and generate a response. In practice€ , however the measure-

ment of such response (charging, discharging current) demands:

1. Fast, High-gain and Low-noise Amplifier
2. Reliable Test-—cell
3. The Usage of the Discharging Instead of the Charging Current

4, Other Requirements.

5.1.1 Fast, High-gain and Low-noise Amplifier.

It needs to be fast
because switching at t = 0 is accompanied by a sudden charge of € Eo
in the electric displacement (see Chapter 3). Theoretically this
should last an infinitesimal time, that is the current corresponding
to it (i.e. through a perfect capacitor) should be a delta function.
In practice, the amplifier attached to the dielectric sample does not
respond infinitely fast, mainly due to the presence of the stray
capacitance across the feedback resistance and the switch surge lasts

for some time.

The usage of such a slow rise time amplifier would mean a slow
recovery time, resulting in a superimposed output response. Thus
the detection of the true dielectric response would be delayed and

errors would be introg¢lWced in the measurements.
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However, the effect of the stray capacitor was almost eliminated
using the technique described in Chapter (4) and hence, the rise time

was reduced to the minimum (10 m sec).

-

The high-gain was required because relaxation times of polymeric
solid materials are, in general, very long. Therefore, the resulting
output response (current) of such material, due to voltage application,
should be measured for a long time (i.e. 500 secs). After such a
long time the magnitude of the current becomes very small (i.e. in
the range of ld_lsA) and therefore a very high-gain amplifier is
required. A feedback arrangement was adopted for this purpose and
a feedback resistance of 10! Q was used. The adoption of such
an arrangement was not just to obtain a high-gain amplifier but also
to reduce the input impedance of the amplifier (see Chapter 4). The
lattgr was necessary to ensure that the full polarizing voltage
appears across the specimen, when the input impedance of the amplifier

is considerably less than the instantancous effective resistance of

the sample.

Apart from the obvious problem of noise in the same band as the
small input signal a low-noise amplifer should be used since sampling
at low-rate (e.g. 1 Hz) is required due to the fact that at normal
temperature the maximum loss, represented by the peak in €" - log f
curve, occurs at a very low frequency. Thus, the presence of high-
frequency compoments (i.e. short—time responses, peak-to-peak noise)
in the output response resulted in aliasing which makes the interpre-
tation of the results the most difficult. Hence the existence of
such high-frequency components is undesirable. However, the peak-to-

peak noise, mainly due to the earth circulation and pick up were reduced
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to minimum by using a one earth system (i.e. floating the power
supplies, etc.) and a low-pass filter to extract the rest of these
noises and to remove all the short-time components in the output

decay function before it is sampled.

5.1.2 Reliable Test—Cell.

The test—cell plays a very important role in these measurements
and using a reliable one could facilitate the whole process to a

very great extent. This cell should satisfy the following:

a. Three~terminals test-cell: A test—-cell consisting of
two electrodes could be used but the addition of an earthed guard-
ring surrounding the lower electrode will make sure that the surface
leakage currents and field fringing did not affect measurements taken
from the guarded electrode. As a general rule the width of the guard-
ring should be 10 times the electrode spacing in order to overcome
the effect of field fringing. If this condition is satisfied the
electric flux will be normal to the electrodes in the vicinity of the

guarded electrode, and hence the electrode will "see" a piece of

dielectric of an area equal to its own.

b The material under test should £ill a capacitor so that
it makes perfect contact with perfectly clean electrodes, that it fills
the capacitor without leaving voids. In practice, the absence of
such conditions will introduce (i) non-ohmic electrode. (see Chapter 3)

and (ii) the building up of space charge at the electrode surfaces.

The existence of either (i)} or (ii) will result in non-linear

behaviour of D as a function of E and invalidate the principle of
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superposition (gee Chapter 3}, so that the complications introduced
by non-ohmic electrode and interfacial polAarization are serious in

principle.

Originally, it was hoped to deposit or evaporate a thin layer of
metal onto-the surface of the die@.ectric, and then make a division
between the guard-ring and the guarded electrode using a photo—etch
technique. Unfortunately, the evaporation process required a tempera—
ture above the melting point of the polymer. Nevertheless, the test
cell being used in the present measurements, Fig. (4.3) was tested
at Bangor University, using a General Radio Bridge Model 1621. Table

(5.1) illustrates the testing results.

5.1.3 Discharging Instead of Charging Current.

For ¢"(w) and e'(w) evaluations the discharging current should

be used instead of the charging current for the following reasons:

a. The experimentally determined dielectric absorption is a
measure of energy dissipation in the medium and, in practice, most
systems will show energy losses from processes other than dielectric
relaxation. Usually these will be in charging current measurement
related to the d.c. conductivity of the medium. Assuming a homogeneous
medium of conductivity &(ohm™} cm™1) the Joule heating arising from
the conductivity contributes a loss factor €' (conductances) so that

the observed value of frequency f Hz is :

e" (total) = g"(dielectric + ¢"(conductance)

& (w)
39 tota i " v Y R ) e
£ (LULL.I) < di + Enw (5 1)
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Frequency of Capacitance Conductivity " = Afd
the Applied Field - (pf) (Ohm) 1

20 HZ 28.282 3.143 x 1071 2.33 x 102

100 HZ 28.05 1.37 x 10710  2.46 x 10

1 Kuz 27,711 1.207 x 10 ° 2.17 x 10 2

10 KHZ 27.5 1.28 x 1078 2.3 x 10 2

29.8 KHZ 27.35 3.63 x 10.8 2.19 x 1072

NOTES.

a. Leakage resistance at 1 KHZ > 1016 ohm
b. €" x A/d was calculated from
S "
S(w) = we €

c. It was not possible to go below 20 HZ due to

difficulty associated with bridge balancing.

Table (5.1): Measurements taken with a General Radio Bridge

(Model 1621) on test cell with dielectric sample (PVAC)

With higher values of §(i.e. at high temperatures), the corres=—
ponding loss factor will persist to higher frequencies and corres=

pondingly larger at lower frequencies (Davies, 1969).

Hence, the use of charging current will introduce errors in
dielectric measurcments while the discharging current measurements
give a2 clear way of scparating the loss due to relaxation from the

joss due to d.c. conductivity (see Chapter 3).

b, In the presence of the d.c. conductivity there are

difficulties of convergence associated with the evaluation of e*(w)
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for a rising step voltage and a negative going step is required.

C. Effectively the discharging current is the mirror image
of the chargingcurrent (after substraction of the steady-state current)

and when the latter decays to its minimum value (i.e. when the polariza-

ing step-voltage applied for a sufficient time, see Fig. (3.4).

5.1.4 Other Requirements.

a. It is always necessary to keep strict control of polarization
and depolarization times to ensure that samples were thorocughly depola-

4 |

rized at the beginning and'end of each experiment.

b. A zero offset control should be provided for the amplifier
since this allows the output to be set to zero when there is no input

current (i.e. at the beginning of each experiment).

Ce A "noise~free" cable carrying graphite on the polyethylene
under the screening braid should be used to connect the guarded electrode
to the input of the d.c. amplifier or electrometer. Long connecting
leads between test-cell and amplifier are most susceptible to microphonic
pick-up and introducing extra capacitance to the sample and the ampli-
fier's input capactances. Thus, slowing down the amplifer response

and leading to errors in the dielectric measurements.

d. Dielectric sample should be left at the chosen temperature
for sufficient time in order to attain equilibrium in temperature

distribution over the whole parts of the sample.
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5.2 Step-Function Technique Measurements

5.2.1 Preliminary Work.

It is always desirable, before any measurement on the dielectric
specimen can be carried out using the whole set up, to check up the

function of each part of the system separately.

5.2.1.1 Amplifier Test.

1 )
It was shown earlier in Chapter (4) that the amplifier response

to square pulses was quite adequate (see Fig. 4.9) and its rise time
was reduced to 10 m sec by using the modification technique described
there. Therefore, the amplifier is reasonably fast and functioning

correctly.

ho2:1.2 Test—=cell Check.

Refering to Appendix (5), Eq. (E.8), shows that it is not possible
to distinguish between the effects of interfacial and orientational
polarizability by a sole measurement of the real part of relative per-
mittivity. That is because the variation of €' with frequency is precisely
the same as that for the case of Debye relaxation. On the other hand
Equation (E.9) gives a clear way to distinguish between the two polari-
zabilities by observing the variation of €" with frequency such that,
e" tends to infinity as w tends to zero. In the Debye case e" drops

towards zero as the frequency is lowered.

Consequently, measurements on test-cell containing the dielectric
sample were carried out, see section 5.1.2, to observe the variation

of ¢" with the frequency of the applied voltage.
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The smallness of the difference between the value of €" at
20 HZ and that at 29.8 KHZ, (see table (5.1)), proves without doubt
that the iuterf?cial polarization is not a major problem. Hence
the sample is a homogenous medium and the test-cell is a reliable

one.

5.2:1.3 Fast Fourier Transform Program Test.

Testing of the F.F.T
program function was done by evaluating the F.T. of the pulse fT(t)
shown in Fig. (5~la). This pulse can be considered as the sum of the
unit step advanced by T seconds and the negative unit step delayed

by T seconds Fig. (5.1b). From Appendix A, we have

U(t) <> m6(w) + (5.1)

jw

using the time shift theorem, we have

Ul = T) +» & T { vétw) +-§-5} oo Lo L et

and
Ut + T) <> erT

1
{ 116’(&)) +-j-—".;} N N (5!2b)
Before proceeding further let us evaluse f(x) 6(x); i.e., the
product of the impulse and ordinary function. Distribution theory

shows that if £(x) is continuous at x = 0, we ean write;

f(x) 6(x) = £(0) §&x)

Applying the above relation to Equation (5.2) yields

3T
e d

U(t = T) <> wé(w) + PSP AT PRl 6

jw



£ ()
& +T
g (a)
u(t + T)
U(c -~ T)
:
(b)

Fig. (5.1): (a) Pulse fT(t)'

(b} Two function which, when added, yield £,.(6).
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and

juT
UCE + 1) > 76(W) + S eeeiieieein.s (5.3D)

Now &
fT(t) = U(t +T) -—U(t ~-1T)

Then applying F.T. linearity property we have

juT _  ~juT S
£ (t) B re - o Sin (wT)
'y Jw w

2T 8ine (WL} sonees  £33C)

Accordingly, a narrow rectangular pulse was taken from the high
voltage transistor output, through the A/D converter, to the computer.
The pulse and its F.T., in real and imaginary forms, are shown in Fig.
(5.2). The reason for this complex F.T. spectrum is that the rectangular
pulse is unlike fT(t) far from symmetrical about t = O and could therefore
only be synthesised from both sin and cos terms. Hence, the results in-
cluding the imaginary part, (cos wT = 1)/w), makes it clear that the F.T.
program is functioning correctly. However, the distortion occurs in
Fig. (5.2b) due to the small d.c. voltage associated with transistor

output (see Fig. 5.2a).

5.2.2 Direct Measurements.

5.2.2.1 R.C. Network Direct Measurements:-

Although, it was shown that
most of the fundamental parts of the system were functioning correctly,
it is still important to make sure that the measured step response is
in fact due to relaxation occuring in the dielectric sample or its RC

equivalent, and not in some other parts of the system.

This easily could be checked by:
- °  Recording the step response of the test-cell with and with-

ocut the dielectric sample. ¥For the case without dielectric, an air gap
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Fig. (5.2b): Real part of the Fourier transformation of the Regtangular Pulse.
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equal to the thickness of the sample could be formed with insulting

spacers between the guarding and the upper electrodes.

However, the immediate dying of the response due to the usage of
the relay gave insignificant result and therefore the following proce-

dure was then adopteé.

= A series RC combination (parallel combination is not suitable
since the d.c. voltage appears across the amplifier's input resistance after
t > o .and tends to saturate the amplifier) provides a good test to

the yhole system. The use of such arrangement could be attributed to:
1. The frequency corresponding to maximum energy loss (fm) can
be easily calculated from knowing the RC value such that:

Refering to equation (C.2), App. (C), we have

or

IR _ jwC + R? w2 ¢2
Z 1 #38WC ° 1 +RE@ECc "otrE

(5.4)

By definition, a capacitor containing a dielectric of relative

permittivity o €' - je", has an admittance,

Y - j(E"’jE")w CO D I I B ) (5-5)

Therefore, From equations (5.4) and (5.5) we have

C 1
El = ‘6'— 1+R‘£ mz CZ R N N A (Stsﬂ)
(o]
and .
C CR w
Wl S LER N TR S s
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11

. > - .
Taking gﬁ' and making it equal to zero (mximum energy loss), we have

d R? w S
dw | 1T+ w? R%C? |

This results in

g I s
: RC
or
= 1
f '2_'_116 et asse st RSN IR (50?)

Therefore, for certain values of R and C the whole system could
be checked by comparing the calculated frequency with the experimental
one

2., The output step response of the RC network is a time function

f(t) such that :

where B is real and postive. Thus £(t) is O for t < 0, becomes 1 for
t =0+ (i.e. just greater than zero), and then decays exponentially.
To obtain the F.T. of such function we substitute for f(t) in equation

(A.1), App (4A).

F(jw) = I“ o PEL TImE e o E~El7~ e—(B t ju)t
Juw o
o
or
. 4
F(Jw) = E"‘jw‘ T R ) (5.8)

Multiplying equation (5.8) by (B -jw) and putting F(jw) = R(w) + j X(w),

we obtain

and
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5]
X(u}) = _'Ez"__'_-";iz‘ R R I T R R I T R S R S (Stgb)

The plot of £(t) and the magnitude of R(w) and X(w) are given in

&
Fig. (5.3).
Therefore, comparing the theoretically predicted shapes of R (w)
and X(w) with the experimental results gives a good check for the

system's reliability.

Having justified the usage of RC network as an easy way to check
the function of the whole system, we connected an RC network to the

amplifier as shown in Fig. (5.4).

The values of R and different capacitors (e.g. R = 10}2 @, ¢ = 15,
10 and 5.6 pf) were chosen to be close to the values of those associated

with the dielectric sample.

A 50 volts rising step function was applied, but measurements at
different sampling rates were taken when the external voltage was
suddenly removed. The resulting output response, however, was filtered
of frequences above the Nyquist foiding frequency and was therefore
virtually ncise-free. Hence no cumulative averaging was required.

Fig. (5.5) shows a typical inverted step—-response of the RC network
plotted by the computer. These transients were Fourier transformed
by the computer and the results, in real and imaginary parts were
plotted. Fig. (5.6) shows the F.T. of the output step-response of an

RC network consisting of 15 PF capacitor and 102 Q resistance.

It should be noted that in Fig. (5.6):

a - The graphs are plotted on a logarithmic frequency scale.

This was done to get more meaningful results.
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b - Fig.(5.6a) represents the variation of €' with the frequency

iie. €' - log f while e" - log f is plotted in Fig. (5.6b).

¢ = Only 312 points out of the 1024 original points were plotted

in both curves. This was done to get Clearer results.-

d = Measurements were taken at sampling rate 1 Hz. Thus, the 10 X
Divisions in both curves are equivalent to 1/2 Hz. This was calculated

from,

The frequency equivalent to xth divisions =

Number of points represented by the xth division . sampling'

frequency

1024

e -~ Maximum loss, represented by the peak in Fig. (5.6b), occurs

at frequency, fm = 1.0131 x 1072 Hz. This was calculated from finding;

No. of points represented by the Xth division =

X
1010 Log (No. of points being plotted on the curve)
Examining Fig. (5.6b) shows that fm occurs at 3.75 Divisions, therefore

No. of points represented by 3.35 Division = 10'3?5 log (512)

= 10.370000 points

and

10-3%0 -

PO A L ol = 000 -2
fm 1024 o] S 1.010000 x 10 Hz.

The above value is in a fair agreement with the theoretical

fm = 1.0160 x 1072 Hz calculated from Eq. (5.7).

f -. 1t is ncoticeable that the first point of ¢' - log £ curve is
not consistent with the rest of the curve. This occured frequently and

it is difficult to investigate owing to the very low frequency represented
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by the first point, but was taken to be procduced by the necessity to
time = limit the total sampling period and the impossibility of exactly
settihg the d.c, offset in the amplifier. Hence, the response never

reaches quite its theoretical value of zero during the experiment.

g = In Fig. (5.6a) s defined as the part of e' at very low-frequency
is equivalent to the 10 Y Divisions 1.9000 x 10"1. €., defined as the

part of dielectric permittivity occurs at high-frequency, is calculated

from the above curves and found to be equivalent to 5.90007°3 x 10 2,
Although, the final points of the ¢' -~ log f curve do not necessarily
represents e exactly but they seem to take a constant value beyond the

8th division.

Now, if the relaxation associated with the RC network is a Debye's
relaxation type (wm T = 1) then, the corresponding eé and e; of €' and g"

are obtained by introducing wt = 1 in Eqs. (2.23) and (2.24) respectively:

€y 3

Em = *‘T"“ s e e e R A T (5-11&)
E.'s = Em

C" = e (S.Ilb)

2 L B L I I I B B IR B I B B Y
Using the above values of €g and ¢_ in the above Egs, we have

e' = 9.8 x 1072
m
e" = 9,14 x 10°%
m

Fig. (5.6) shows that the corresponding values of cé and sg are

equivalent to 9.6 x 1072 and 9.32 x 1072 respectively.

It is clear that Eé and E; values calculated from Eq. (5.11) are in
a good agreement with those found experimentally and hence, the relaxation

is of Debye's type.
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Although consistency between theorctical treatments and the above
experimental results was found in many aspects, it was still necessary
to carry out more measurements on different RC combinations. The reli-

ablity of the system will be then proved by given different — correct

results for these different RC networks.

Accordingly, measurements using different RC values (15, 10 and 5.6
secs) were carried out. The output step-response was sampled at a rate
of 2 Hz in each case (i.e. different from the previous rate 1 Hz for
RC = 15 secs). Fig. (5.7) shows only the imaginary parts of the F.T
spectrum of the output step - responses for these three networks. It is
obvious that the three peaks occur at three different positions along the
f - axis. A good agreement between the calculated and the experimental
(fm) was obtained in each case and Table (5.2) illustrates such an

agreement.

5.2.2.2 Dielectric Material Direct Measurements: =

Having made sure that
the whole system functioned , correctly, we replaced the RC network by a
real dielectric sample (PVAC). Dealing with RC network measurements is
not, however, a difficult problem. That is because the resistance R and
C values are assumed to be constants (i.e. they are not function of either
the applying voltage frequency nor the temperaturé). When it comes to
the dielectric materials, the story becomes quite different. Capacitors
and resistances associated with these materials are both functions of

expo nentally to

frequency and temperature (i.e. the resistivity & T and & and their

values change as these parameters change.

Also., applying a step-function, containing both very high and

very low-frequency components, to the dielectric sawple will be accompaniad
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at t = 0, by a huge output response (current) which tends to saturate

the amplifier if not causing damage to it.

Consequently, a relay was connected across the feedback resistance,
see chapter 4, to protect the amplifier and to bypass the input to the

amplifier during the initial short-time transient.

Measurements on PVAc were, then, carried out and the results in real
(e' - log f) and imaginary (e" - log f) forms were obtained following the

same procedure adopted in RC measurements. These results are presented

Theoretical Experimental
Figure RC Sampling Frequency Frequency (Hz) Frequency (Hz)
Number (sec) (Hz) (5 = 1 ) f
m  2%RC »
(5 = 6) 15 1 1.06 x 10~2 1.0l x 10~2
b
(5=17) 15 2 1.06 x 1072 1.08 x 1072
a
b 10 2 1.59 x 1072 1.56 x 1072
b 556 2 2.84 x 1072 2.37 x 1072

Table (5.2) Comparison between the theoretical maximum frequency

fm ~ calculated from 1/2 wRC = and the experimental fm'

in Fig. (5.8) and (5.9). The main features of these results are :

a - The shape of both curves (¢' — log f) and (e" - log f) are in

a bad agreement with those predicted by theory (see Fig. (2.4)).

b = The peak corresponding to maximum energy loss associated with
the €" - log f curve does not seem to be much affected when the sampling

rate changes (i.e. from 1 Hz to 5 Hz) but the shape of both curves seem
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Fig., (5.8a):

Frequency dependence of €' 25°C and 1 HZ of PVAc
(1024 points, log £).
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to improve (i.e. less distortion) and the peak becomes clearer,
see Fig. (5.9b), compared with the one before, Fig. (5.8b), with increas-

ing the sampling frequency.
“

¢ = It was also found that, replacing the sample or heating it
did not mean that much and, the peak seemed to occur always, at the same

position along the f - axis.

A considerable amount of effort was spend to find out the reasons
behind these deviations. Naturally, it was thought at the beginning that
the whole problem was mainly due to the new. presence of the relay in
the system. But, the occurence, of (1) the aliasing, defined as a dis-
tortion in the frequency spectrum, at high-frequency side with these
results and (2) the high-frequency and fixed position peak, indicates
that the presence of high-frequency ( above JNyquist's frequency) components
in the output response and the peak is a fake one mainly due to the

dominating effect of high-frequency (short-time) response.

The question now is, how is it possible for these high-frequency
components to exist in the output response when a low-pass filter with

cut-off frequency as low as 1 Hz is being used.

Earlier, in Chapter 4, it was mentioned that the low-pass filter,
being used to bandlimit the output response, is of a high-order and its
Square wave response tended to "overshoot" due to its high order. Thus,
the low-pass filter output overshoots at the beginning owing to the fast
rising of the amplifier output and since the sampling of data always
starts at the same time the relay becomes an open circuit, the first part
of the output response is included and hence measurements are subjected

to errors.

The problem can not be solved, however, by removing the low—-pass



136

filter since this introduces aliasing in the output results owing to
disobeyance the sampling theorem, but it may be overcome by smoothing
down the output response or by starting to sample data some time later
(i.e. 1 sec after the relay becomes an open circuit). The first was

adopted at the beginning and achieved by:

a) Connecting a capacitor (39 PF) across the feedback resistance
as shown in Fig. (5.10). Effectively, this increases the time constant
of the amplifier thus slowing down the rising rate of its output response.
The output response was noise-free and there was no need for the low—
pass filter to be used. Measurements on the dielectric sample (PVAc)
at room temperature were taken and the results in real and imaginary
parts,after being Fourier transformed the dielectric sample step-respone,

were obtained as shown in Fig. (5.11).

The occurrence of the peak in Fig. (5.11b) at frequency, fm =
397, % 3072 Hz, for greater than the expected one for the PVAc sample
at room temperature and slightly different from that for the RC network
(5‘1?1%;6 = 4,1 x 10'2) made it clear that the response was mainly due to
the RC network across the amplifier and further measurements were no?

necessary.

b) Slowing down the changing rate of the applied step voltage
(g%& using the arrangement §hoyn in Fig.(5.12). Effectively, this
reduces the output response (current) magnitude, see App. D, and slows
down the rate of its changing. The RC value (1 sec) was selected to
ensure that the cut-off frequency of its low-pass filter is far greater
than the expected frequency associated with the maximum loss in the
dielectric sample being used at a given temperature. That was done to
preserve the magnitudes of the real and imaginary parts of the dielectric

step-response from being attenuated by the filter.
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Fig. (5.10): The amplifier with the capacitor (39PF) connected across,



Fig. (5.11a):

Frequency dependence of sy at 25°C and 1 HZ of PVAc using
the arrangement Fig. (5.10).
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Fig.

(5.11b):

Frequency dependence of €" at 25°C and 1 HZ of PVAc

response using the arrangement Fig.

(5.10).
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Fig.(5.12): Arrangement with R.C. network to eliminate the high frequency components
in the applied step function.

O%1



141

Measurements were taken and Fig.(5.13) shows the obtained results
in real and imaginary forms respectively. TFig. (5.13b) shows that the
peak occurs at frequency, fm = 0.156 Hz which is just equal to that

calculated from E%ﬁa = 0,159 Hz; the filter cut-off frequency.

Further measurements using different RC values ended with similar
conclusion and confirmed that the whole response was entirely due to the

low-pass filter being used.

Having done all that and to get more clear idea about what was
happening, we decided to start the experiment from the very beginning.
The amplifier being used was replaced by a new one namely, Keithley amp-
lifier, Model 60 B and connected its output to a chart recordertinstead ;
of A/D converter. The dielectric sample (PVAc) step-response was measured
then and recorded at different tempematures. Fig. (5.14) shows some of
the plot results for €" derived from the discharging current I(t) mea-
surements, using the Hamon approximation.

I(t) ds

z.ﬂfe Av I I R R R A ) (5-12)
0O s

where V is the step-voltage applied to the sample and f is the effective
frequency given by 0.63/2nt. The corresponding values of t, f and "

plotted in Fig. (5.14a) and (5.14b) are shown in table (5.3).

It should be noted from Fig. (5.14) that the first two points in
both curves, corresponding to t = 1 sec are not consistent with the
rest of the curves. It is clear that the deviation of the first point
at 40°C is far greater than that at 22°c. It is also, noticable that
the peak. corresponding to maximum dissipation of energy in the dielectric
.sample, occurs at frequency im = 1.1 x 107% at 22°C and shifts towards

higher frequency fm = 1.0 x 1072 in Fig. (5.14b) at 40°C. The corres-
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T - 22 T = 40
1.000267 x 10 ! 0.813 1.000267 x 1071 1.99
5.000 . x 162 110" 5.00 X Jor 1.62
4 .00 x 10 2 1.3 2.00 x: 1072 1.78
1.33 x 1072 1.25 1.00 x 10-2 1.83
8.6 x 103 1.5 6.684 x 103 1.77
4.445 x 1073 1.68 5.013 x 1073 1.68
3.077 x 1073 2.00 3.34 x 1073 1:53
2.353 x 1073 2.2 2.50 x 1073 1.40
1.905 x 103 2.4 2.0 x 1073 1.2
1.60 x 1073 2.5 1.432 x 10™3 1.00
1.212 x 103 2.7 1.114 x 1073 0.81
9.758 x 107" 2.9 9.115 x 1074 0.68
8.165 x 10" 3.06 8.3554 x 1lo07™% 0.644
6.56 x 107" 3.16 6.684 x 107" 0.514
5.48 x 1lo™% 3.28 5.570 x 107" 0.44
4.94 x 107" 3.34 5.0 x 10~" 0.39
3.961 x 107" 3.48
3.306 x 10" 3.6
2.837 x 10 3.7
2.485 x 107" 3.84
1.99 ¥ 1078 3.94
1.66 x 1074 4.0
1.246 x 10t 4.2
1.1083 x 1074 4.3
9.977 x 1073 4.27
9.072 x 1079 4.138
Table (5.3) :- The variation of PVAc energy loss €', calculated from

discharging current measurement using Hamon approximation, with fre-

quency at two different temperatures 22°C and 40°C.
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ponding average times (TO) at both temperatures (2200 and 4008),

calculated form e E;%E—, are 1435.99 and 15.9112 secs respectively.

In view of the above results, it becomes obvious that the triggering
of the A/D converter to initiate sampling should be delayed some time
after the applicatién of the step-voltage in order to exclude the first
part of the response. Actually we have shown in Appendix (F) that this
delay does not effect the results that much, especially when the dielectric
response is measured at low temperature and sampled at low-rate. It was
also shown that the values of £¢' and e" obtained from the high—-temperature
response measurements are subjected to errors due to the presence of
e_aT term, see Eq. (F.10) in App (F) where a and T are given there, and
the correct values of €' and €" could be obtained from dividing the exp~
erimental values by e 3T The error magnitude could be however, minimized
by shortening the interval between the application of the step-voltage
and triggering the A/D converter (T) for those measurments taken at high
temperatures. This can be done simply by adjusting the values of the
timing—-components (capacitors and resistance connected with monostable
C see chapter 4, section 4.2) to give the required delay time (i.e. 2
seconds for those measurements taken at 34, 36 and 38°C and 1 sec for

those at 40, 42 and 4400). The sequence of events for the modified

control system is shown in Fig. (5.15).

Having done that, we replaced the Keithley instrument by the previous
amplifier and connected its output, through the low-pass filter, to

the A/D converter input.

Measurements at different temperatures were required thus, at the
bcginnihg of each experiment we made sure that (1) the output of the
amplifier was set-off to zero, (2) the sample was left at the chosen

temperature for at least one hour, (3) the sample was subjected to
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l_j Trigger

Relay

[ﬁ Delay

Pulse to trigger

the J.K.F.F, connected
to the high-voltage
transister.

Dieclectric response

A/D converter trigger
=2 pulse.

A/D converter Q/pP

Fig. (5.15): The new sque ce of events.
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the polarizing voltage for at least 30 T, seconds where L is the
expected average relaxation time at a given temperature, the same time
was given to the  sample to depolarize before a new experiment could
" take place and (4) the electrodes were clean enough and the sample

was in good electrical contact with both of them.

With the above conditions being satisfied, the dielectric step-
response was measured,filtered from high~frequency components, sampled
after the required delay time and Fourier transformed by the computer.

The results in real and imaginary parts for PVAc dielectric sample (1.34 mm
in thickness and 7 cm in diameter) at different temperatures, namely 44,

42, 40, 36 and 3400, were obtained and plotted in Fig. (5.16).

Examination of these results shows:

a) The value of e¢', Fig. (5.16a), falls from a higher to lower
level as the frequency increases. This drop in €', which is termed the
"dielectric increment" occurs because dipolar segments of the molecule
can change their average orientation in response to the applied field at
low frequencies and thus contribute to polarization and hence to the
value of e€'. At higher frequencies they are unable to follow the alter-
ations of the field due to the hindering effect of collisions with neig-
bouring molecules and hence make no contribution to €'. Thus, the die-
lectric constant comprises only the contributions from the electronic

and atomic polarization S

b) The rate of change of ¢' with the frequency is greatest at the
frequency at which the peak in ¢" value occurs, Fig. (5.16b). This is
because the polarization cannot keep in phase with the applied field,

resulting in appreciable power loss with maximum value at W (see chap. 2).

¢) The absorption process observed in these measurcments is only
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Frequency dependence of €' at 44°C and 6 HZ of PVAc
(256 points, log f).
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that which can be observed at temperatures above Tg (glass transition,

28“0) namely the a - absorption (see chapter 2).

d) The loss peaks are clearly observable in these results and
occur at frequengies corresponding to relaxation regions where materials
absorb energy and maximum loss occurs. The positions of these peaks

are clearly dependent on temperatures at which measurements were taken.

e) The shape of the a-absorption curves does not seem to change
as the.temperature increases but the curves become narrower (due to con-
vergence of relaxatifon time) at high temperatures. The curves seem to

be slightly non-symmetrical, being broader on the high frequency side.

f) The magnitude of loss becomes higher at higher temperatures.
This is because the magnitude of (ss - € ) is dependent on the total
dipole moment, and only slightly dependent on temperature, so the
total change of permittivity from low to higher frequency likewise the
total area under the €" - log f curve remains approximatly the same-
However, at certain frequency fo’ €" decreases strongly as the tempera-
ture decreases, since T increases and hence also w T strongly increases

with decreasing temperature.

g) The results appear to be very similar to the dielectric loss
curves obtained for PVAc by Saito (1962), Fig. (536g), especially in
their temperature - frequency locations. This is illustrated in Table
(5.3a), which shows the temperature - frequency locations of loss maximum

fo PVAc obtained by Saite and this author.

h) The average relaxation time (10) for the PVAc sample obtained
from these measuremcats at &OOC, 13.914372 sec seems to be close to

that obtained from Hamon's approximation method, 15.911246 sec, at the
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Temperature at

s Experimental e o : T from other#®
Figure's Number enperature fxperimencal Relaxation Time Whach the other s experimental
TC fm(Hz) * (sed) results were Tta ¢ )
= measured (C ) EEORLERL ther
(5.18)
b 44 5.20 x 1072 3.06 47.1 "0.33
c 42 2.71 x 1072 5.87
d 40 1.144 x 1072 13.9 41.4 10.3
e 36 2.48 x 1073 64.1 38.1 3.9
£ 34 1.46 x 1073 109.0

% Rough estimations, from Saifo (1962) measurements, of T at different temperatures.

Table (5.38);

The relaxation times of PVAc at different tempesratures.

791
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same temperature Fig. (5.14b). This difference could be attributed to

the inmaccuracy associated with the latter method (see chapter 1).

i) Results are plotted on the logarithmic scale with different
patterns namely, normal and Bar pattarms. The position of the maximum
loss becomes clear in the second pattara since only 128 points were

plotted in each curve.

5.3 Non-Causal Method Measurements.

5.3.1 General Introduction: =

Earlier in this chapter it was mentioned
that the RC network was used to slow down the rising rate of the dielec~
step~response by filtering the high frequency components in the applied
step-function. Inspection of the results showed that with a value of
RC chosen to prevent amplifier saturation the owverall response was
dominated by the RC distortion in consequence the dielectric relaxation

peak could not be observed.

In an attempt to gain more insight into the nature of the dominating
effect of the RC distortion and perhaps to overcome this problem we

may treat the above methed and its results theoretically.

Assuming S1 and S2, Fig. (5.17), are lineer systems having hl(t) and
hz(t)_impulse responses respectively, we ean write, in the absence of

loading effects,

g]_(t) = lll(t) *U(t) s e s e n s e e ans e (5:13)
where gl(t) represents the system S1 response to the Unit step U(t), and

g, (t) = h,(t) * g, (t) SR e e 5 18

where f2(t) represents the system S2 response to gl(t).
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Now, if S1 is an RC network whose transfer furnction is given by,

1

H(Jw) = T‘:“‘:]:’m R I T I T O T - (5-15)
then using Eq. (A.2), we have
o
A s 1 -jwt
hl('.} ] E"""‘ J -'1'-+"“j'm'R'C" e dw L R I B ) (5 016)

Multiplying Eq. (5.16) by %w;~%g%% , employing Euler's relation and

eliminating the odd integrand, we have the well known impulse response

o | ~-t/RC
hl(t) e }i'c e L I R R I R ) (5.1?)
Making use of known relaticn between impulse and step-response, see

App. (B.2), we have
t
g () = J hi) de = 1~ SRR ) v s
o
Thus

-T/RC

8y(t) = h(t) % (1L-e ) e e n e S ATON

In the frequency domain, this becomes

Gytiw) = H,(jw) F =By vedees (520D
or

60w = BGo F1-m,Gw TR L 5.2

Equaticn (5.21) shows that the F.T of the system step-response
consists of two parts; the first represents the F.T of the dielectric
step-responce and second part is a superimposition of the F.T of both

impulse-responses of the system $2 and of the RC network.

Accordingly, as a result of this second term of Eq. (5.22) RC disg-

tortion can be expected and by trivial analysis it can be shown that
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(for large value of w) this second part of Eq. (5.21) becomes the dom-

inating term. This is in agreement with the observed results.

Therefore, 4in order to eliminate the RC distortion it is necessary
either to remove the system S1 or replace it by a new one which does
not impose any delay time on the components of the step-function pass—

ing through it i.e. a phaseless system with a transfer function such

as
'1 - < w<Ww
L c c
H(jm) = “0 w>mc L B B B B B B B ) (5.22)
0 W< w
c

Substituting in Eq. (5.17), the value of H(jw) in Eq. (5.22) we

have
+w
e G ¢ —jut
hl(t) - E-']-T- e dw D R R RN R A ) (5-23)

-Ww
c

Hence the impulse response required is

1 sin w,t
hl(t) = ; '_'_-;'t_'—_ I I T S (5024)
and the step-response is,
B o
B 'sin Y =7 e -
_gl(t) i J e dy = - Sl(-‘.ﬂct) 0. £ € o, e. (5,25
o

The value of Si(t) cannot be obtained exactly for finite limits.
However, Si(t) oscillates about /2 and approaches this value as t

approaches infinity (see Chapter 4).

Making use of the above value of Si(t), we have
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t > t + o

Lin { gl(t)} = %- and Lim { gl(t)} = - %- o smiwiny el 2B

Making use of Eq. (5.14), in the frequency domain;
Gz(jw) - Hz(jm)- TSi(lﬂct) L R I R I (5.27)

Eq. (5.27) shows that the F.T of the dielectric response to gl(t)
is likewise the F.T. of the dielectric step-response - t; Si(wct) is
equal to the F.T of the unit step-function (i.e. %5) for —u < w < w, =
provided that the €ransfer function of the system S1 is a real constant

(i.e. S1 is an ideal low-pass filter).

Unfortunately, the ideal filter does not represent a physically real-
isable dgvice because its impulse response, begins before the instant at
which the impulse is delivered (see Chapter 4 , 4.3.2). The recasons for
this difficulty are two fold: firstly, we have assumed a filter with an
infinitely sharp "cut-off", that is, one which transmits equally all
frequencies up to 0, and rejects completely all higher ones. Secondly,
we have implied no phase shift in those components transmitted, because

H(jw) has been put equal to a feal constant.

5.3.2 Advantages of Non-Causal Method:-

Although it seems that we have
ended with the same result, i.e. Eq. (5.27), as if we had been dealing
with the step-voltage directly applied to the dielectric sample, the
ideal low-pass filter technique still has many advantages over the other

methods. . These are =

L. The computer may be used to generate the desired function

: sin X : . ;
(i.e. f ~x  dx), to output it later through the D/A converter and to
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‘sample simultaneously the dielectric response due to the above functions
This means that (a) the control system (b) the pulse generator (to

provide sampling frequency) (c) the relay and (d) the frequency divider
when it is neceégary to sample at low rate all become redundant and

_therefore this reduces the size of the whole set-up considerably, This

may entail lower cost and reduces the size of the experimental errors.

2 It is very suitable for an on-line computing technique measure-
ments. The computer can be made to perform almost the whole operations;
to output the required stimulus, to trigger the A/D converter to initiate
data sampling, to sample the output response, to process the input data
and finally to plot the results. Hence, a mini-computer with certain
peripherals (i.e. A/D, D/A converters, real time clock .... etc) could
be used and a small set-up for dielectric measurement could easily be
devised, and more importantly the method is suitable for realisation as

& special microprocess instrument.

3. It was shown in Chapter (4), Eq.(4.21), that the ratio of
the sampling frequency, fs’ to the filter's cut—off frequency, fc’ is
always constant. Thus fc can take any value depending on the value of
fc predetermined by the operator. Consequently, measurements on the
dielectric at any temperature and within any frequency range can be

easily carried out.

4, At the beginning of this chapter, it was mentioned that
applying a step—function to the dielectric was accompanied, at t = 0,
by a sudden chnuge of e_ E in the electric displacement and therefore
a §ery fast amplifier was required. Alternatively, if a slow amplifier
is employed then an obviously undesirable fake peak will be introduced
(see Fig. (5.8)). In the present technique, and due to the linearity

I/

«f the system, the output response will contain only those frequencies
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present in the applied input funetion. Therefore, the use of a very

fast response amplifier and the relay is not essential.

5.3.3 Direct Measurcments of Ideal Low-Pass Filter Response

5.3.3.1 Preliminary Work :-

For the reasons mentioned below the following
were done before any RC network or dielectric response measurements were
taken :

a. Practically, no realisable filter can achieve an infinitely
sharp cut-off, nor can it fail to introduce a phase shift which implies,
more or less, a delay imposed upon all components passing through the
filter, Two RC filters connected in tandem, for instance, double the
time delay but sharpen the shape of the cut-off region. Thus the price
paid for the achievement of an infinitely sharp cut-off, such as assumed
for the ideal filter, is an infinite time delay. The way out of this
problem is to evaluate the integral (5.25) by numerical means (see chapter
4, 4.3.2) and hence the computer was programmed, (see program No.2, App
G), to evaluate 8i(t) from both Eq. (4.17 and 4.18) for different values

of ty Fig. (5.18) shows the output results plotted by the computer.

b. The values of the function Si(t) being calculated were in Float-
ing Point Format. To output these data, through the D/A converter, they
have to be converted into Fixed Point Format and normalised to the maximum
and minimum values of the D/A converter output (i.e. * 5 volts). Program

No. 3, App. G, was therefore written for this purpose.

C. Owing to the use of a phaseless filter and hence the occurence
of its response before the application of the step—function (i.e. at t = 0)
the dielectric response due to this part of the filter step—response

sampled at this time (i.e. %L £ T <0)~ where t is the time required to
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Fig. (5.18): The response of the Ideal Low-Pass filter to the step function ploted
bv the comnuter . :

[0

T - P
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output the whole function si(t) = should be transfcred to the location
immediately following the location of the last sampled data of the
dielectric output due to the filter step-response occuring at T = %-
That was done to avoid the occurence of the non convergent¥.T.
resulting from employing the integration limits * t. Hence, Program
No. 4, was written to cyclicly shift the required data to their new

locations and to allow integration from O to t (i.e. t = the time required

to sample 1024 data).

d. Program No. 4 was designed to instruct the computer to output
the function Si(t) values and sample their output dielectric response at
the sametime. However, sampling at slow rate (i.e. 1/4 Hz) means 4 secs
should pass before another new values output. During this time the
GIPOP unit output tends to decay to zero and when a new value is cutput,
there will be a sudden jump from zero to this new value. This introduces
a high frequency component in the dielectric response likewise the apply-
ing of a step—function. Therefore the GIPOP output should be kept con-—
stant at the old value until the new one is output. That was done by
outputting the old value 400 times/sec. That was the maximum number

of times the computer was capable of and it was found quite satisfactory.

5.3.3.2 RC Series Combintion Measurements:—

Having done that and to
make sure that the whole system was functioning correctly, we connected
an RC network to the amplifier (see Fig. (5.10)) and the filter step-
response was then applied. The resulting RC network response was filt-
ered, sampled at 4.22 Hz and 1024 samples were taken. Fig. (5.19) shows
a typicﬁl RC network response as plotted by the computer. These res-

ponses were then F.T. by the computer and the results in real and
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Fig. (5.19):

A typical response of an RC network to the function G(w
(Fig. (5.18).
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imaginary forms were plotted in Fig's (5.21, 22, 23). It should be

noted that :

a. Fig. (5.20) represents the real and imaginary parts of the F.T.
of the RC (5.6 sec) network response to the filter step-respouse sampled
at 2.13 and 4.26 Hz respectively. The graphs were plotted on a logarithmic
scale and contain either 32 or 1024 data points. The latter, i.e, Fig.

(5.21 b), was plotted to show the filter cut-off frequency.

b. Figs. (5.21) and (5.22) illustrate the real and imaginary parts
of the F.T. of he RC networks, 10 and 15 secs, responses to the filter

step-response sampled at 4.27 Hz.

e The loss peak are clearly observable in these results and tend
to shift towards lower frequencies with increasing the RC values. A
good agreement between the values of the maximum frequencies associated
with these peaks and the calculated ones, fm = 1/2wRC, is obtained.

Table (5.4) illustrates such an agreement.

d. The filter cut-off frequency is clearly sharp and occuring
always at the same position on the different curves. With the sampling
rate (4.27 Hz) being used, the cut-off frequency found to be eq;al to
1.38 x 107! Hz. Thus, the ratio, fslfc, is 31 in fair agreement with

the ratio fslfc = 32 being assigned for the filter.

e. The shape of the curves is in a good agreement with those

predicted by theory, see Fig. (4.2).

f. The tyve of relaxation can be easily shown, see section 5.2.2.1,

to be a Debye's relaxation type.

5.3.3.3 Dielectric Sample (PVAc) Measurements:-

In view of the above results
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Fig.

(5.20&):

Frequency dependence of €' of the RC = 5.6 at 2 13 HZ
(32 points, log f).
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Frequency dependence of €" for the RC = 5.6 secs at
4.267 HZ (1024 points, log f).
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Frequency dependence of €" for the RC = 5.6 secs at 4.267 HZ.
(32, points, log f).
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Fig, (5.21a):
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Frequency dependence of €" for the RC = 10 sec at 4.27 HZ,
(1024 points, lag £).
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Fig., (5.21b):

Frequency dependence of &" for the RC = 10 secs at 4.267 HZ
(32 points, log £f).
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Fig. (5.22b):

Frequency dependence of €" of the RC
(32 points, log f).

15 secs at 4,267 HZ,
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: Sampling ? Calculated Experimenal f
F ¥ s 3 me
!1gure # e frequency (Hz) g f =1/2 RC cut-off frequency —
Number (sec) £ (Hz) f
fs m (Hz) fc (hz) c
(5.20 ¢) 5.6 2.57 x 1072 2.8 x 102
(5.21 b) 10 4.27 1.67 x 1072 1.6 x 1072 1.38 x 107} 131.0
(5.22 b) 15 1.17 x 1072 1.06 x 1072
(5.22 c) 15 2.13 1.17 x 1072 1.06 x 1072 6.9 x 10 2 31.0
Ys
Notes: a. Theoretically ; o - 2 K, where K = 16 (see Chapter 4)
c
b. Sampling frequency was calculated by dividing 1024 over the time required

for the clock td output the function G(mct).

Table (5.4) : Comparison between Experimental results and those calculated for different

RC combinations at different sampling rates.

y81
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the system scemed to function correctly and hence the method was quite
satisfactory. Therefore, measurements on PVAe dielectric sample were
carried out straight away after making sure that : (a) the amplifier

output was set t; zero at the beginning of the experiment; (b) the sample
was left at the chosen temperature for at least one hour; (c) the electrodes
were in a good electfical contact with the sample (d) the dielectric sample
was thoroghly depolarized before the sampling of the dielectric response

to the filter step-response started. That was necessary because the com-
puter was instructed to output a (- 5) volts (i.e. equal to the value of
the first point of the function Si(t) before outputting the function
values, hence the dielectric response due to this - 5 volts

should be excluded. The computer keeps outputing the = 5 volts as long

as the bit 0 of the handswitch is OFF.

With the above conditions being satisfied, the bit 0 was put ON and
the computer started outputting the function Si(t) values. The presence
of stepwise progression, imposed by the zero — hold D/A convertor (Fig.
(5.23), with the function Si(t) resulted in high frequency components
dielectric response. Therefore, it was necessary to filter the response
from these high-frequency component gefore being sampled and Fig. (5.24)
shows the new set-up. A typical dielectric response to the function Si(t)
is shown in Fig. (5.25). These responses were then F.T. and the results,
in real and imaginary part, were obtained, Fig. (5.26). It should be

noted that in Fig. (5.26);

a. Fig. (5.26 a) represents the real part of the F.T. of the di~
electric response to the function Si(t) taken at 46°C and sampled at

6.96 Hz.

b. Fig. (5.26 b,c,d,e) represent the imagwmary parts of the F.T.

of the dielectric responses to the function Si{t) taken at different
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o :
temperatures (i.e. &6, 44, 42 and 40 C) and sampled at different rates.

C» These graphs were plotted on a logarithmic frequency scale and
each of them presented in two patterns namely, the Normal and Bar patterns.

-

The reason for inclusion of the latter was explained before.

d. The value of ¢', Fig. (5.26 a), clearly falls from a higher to
a lower level as the frequency increases. The rate of change of €' with
frequency is greatest at the frequency at which the peak in e" value

occurs, Fig. (5.26 b).

e. The absorption process observed in these measurements is only
that which can be observed at temperatures above Tg (glass temperature,

28°C) namely the a-absorption (see chapter 2).

) A The loss peaks are clearly observable in these results and
occur at frequencies corresponding to relaxation regions where materials
absorb energy and maximum loss occurs. The positions of these peaks
are clearly, see Table (5.5), depending on temperatures at which measure-

ments were taken.

g. The shape of the a—-absorption curves does not seem to change
as the temperature increases but the curves become narrower (due to
convergence of relaxation time) at higher temperatures. Surely, the
latter feature of these results made it certain that these results are

due only to the dielectric sample and nothing else.

h. The results appear to be very similar to the dielectric loss
curves obtained, for PVAc, earlier in this chapter, section 5.2.2.2,
especially in their temperature frequency locations and also, that the
magnitude of loss becomes higher at higher temperature. Table (5.5)
shows the temﬁerature frequency locations of loss maxima in both

measurements.,



Difference

Figure's Temperature Experimental Experimental Frequency Relaxation lotwaamiil
number Tc f (Hz) relaxation f from Time from t%ﬂ“;:? o
- time TabTle (5.3) Table (5.3) “htiiﬂihalon
(5.22) .
c 46 1.15 x 1071 1.4 - - - -
d 44 6.3 x 1072 2.53 5.2 x 1072 3.06 0.53
e 42 3.17 x 1072 5.01 2.7 x 1072 5.87 0.86
£ 40 1.62 x 1072 10.1 1.14 x 1072 13.91 3.81

Table (5.5): Comparison between the relaxation times, measured with different techniques, of

the same ..dielectric sample (PVAc) and at the same temperatures.

00¢
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i. The sharp cut~off frequency (fc) of the filter is quite clear
and those data occuring at frequencies beyond fC are completly rejected.
The distortions that occur after fc are due to quantization errors in

these measurements. In this measurement the ratio fs/fc is also equal

to 32.






Discussion and Analysis

‘é;} General Intreoduction;

: It has been shown in Chapter (5) that, the
experimental results from both methods (i.e. step—function and Non-Casual)

are similar to each other and to those obtained by previous workers.

However, the differences in the locations of the maximum losses in
both results may be attributed to the time truncation errors associated
with Fourier Transformations of the dielectric responses. This can be

shown as follows:

Clearly any set of experimental data will only describe a finite range
of time and therefore errors will arise due to cutting-off of the Fourier
Integral at both small and large values of time, The magnitude of such

errors will depend on the time range of the avliable data such as;

a. Short-time Cut-off:~

we have from Equation (D.5);

ex = C}, [ {fey e P g R T o e T
oo a
; : : (g 1 ~t/t
Assuming a single time constant, i.e., I(t) = ;—-e o 5, Wwe have
(o]
(-]
E* « %"" J e-t/TO e_Jmt dt R R N R (6-2)
o a
1 -a/1 > 1 2
eV & I—:rzﬁ?g- { e o (cos w£~- wT sin w;)} Jug 16:3)

BT e sin w_
1 o« ——— e e 8} ¥+ —_—— e ’-"
> T+ o { o (cos w_ == ) } (6.4)
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b. Long-time Cut-off;-

Buy putting a = 0 Eq. (6.1) becomes;

| e A d
e* u .1_-_ J e tho e Jwt dt L L B B B B (6.5)
=
o
and gives,
- 1 -bj-[ .
eV e szg {1 - c o (cosw b - wr sin wb)}... (6.6)

and

wT ’
o _=bjt sin wb
e" = '—'—"——2"'2'1 5 ® ’[0 {1 e (o] (COS wb + _-w-'['. } PR (6-7)

Inspection of Eq. (6.4) Fhows that the peak shiftg to lower frequen—
cies as (aw) increases. On the other hand, Ed. (6.7) indicates that
distortion increasing and the peak shifting to high frequencies as (bw)
becomes smaller. This is in agreement with the experimental results.

To be more precise, let us examine the results obtained, at 4000, from
both methods. Table (5.5) shows that; the resultant peaks, in the measure-
ments taken with both methods, occur at frequencies 1.14 x 1072 Hz and
1.62 x 1072 Hz, respectively. The reasons for this difference are i) in
the step~function measurement the sampling of the data was delayed 1 sec
_ J
after the applying of the step—function 1ii) the sampling rate(] 1z)
used in the non-causal measurement was higher than that (} Hz) used in
the step-function method and hence thé time range (b) was shorter.
Therefore the delay process does more than simply eliminating the high
frequency components in the dielectric response. It introduces errors
of different amount (i.e. depending on the amount of the transient
censored from the beginning which is arbitray and variable) in the die-
lectric measurements by a) shifting the peaks associated with maximum
loss in the dielectric measurements te lower frequencies and b) reducing

the magnitude of ¢' and ¢" values {sce App. F).



In assessing former methods it is necessary to bear in mind:

a. The necessity of employing the delay process in the step-—
function techmique to avoid problems arising from the dominating effect

of the high-frequency dielectric regponse (see Chapter 5).

b, The need for utilising of the crude approximation (Hamon's)
in the absence of the digital computer, which besides its restricted
regime of validity and ill-defined accuracy, has the disadvantage that

it yields independently only the imaginary part of the response.

Coe The need to employ a different method, for measurements
above 1 Hz, from the d.c. method (step) which does not produce reliable

results above the 10 Hz.

d. The including of energy losses due to another processes with
the one due to dielectric relaxation in the a.c. method technique which,
besides its disadvantage of being time consuming, does not produce
reliable results below 1 Hz.

In contrast the non-causal method has the advantage of being;

1. Fast, economic and accurate (see Chapter 1).

2. Very suitable for the oﬁ—line computer technique (see
Chapter 5).

3 .Having.g dielectric response containing only these frequencies
present in the applied input function (filter step-response) hence, the
delay process is not required and then the errors associated with it
will be eliminated.

4, Capable of covering a wide range of frequency and hence
measurements over a wide range of temperature could be‘taken.

5. Capable of producing the real and the imaginary parts of

the dielectric response.

Therefore, in-view of the above desirable fealures characterising
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the non-causal method, it becomes worthwhile to deyise a special instru~

ment working on the same basis to perform dielectric measurements.

This digital instrument (i.e. Microprocessor computer) connected
_together with;

1. Test—cell

2, TFast Amplifier
and a number of peripherals such as ;

1. A/D converter

2. D/A converter

3. Real time clock

4. TFloppy disc

5. Paper tape reader

6. VDR

T+ Plotter

will produce a powerful instrument to perform the dielectric measurements.
The F100-L microprocessor computer which is becoming avallable now has

the advantage of being; (a) real-time system (b) having 16 bit word
length (c) having 32 K address range (d) encapsulated in a single
40-pin Dual-in-line package (e) requiring a single 5 volts supply only
(f) having a general purpose an Interface Set of three LSI chips which
replaces the large amounts of TTL circuits that are often required for
interfacing to other microprocessor and the most important that (g) hav-—
ing a special processing unit to perform the F.F.T. Thus, F100-L seems

to be suitable for this purpose. Fig. (6.1) shows the configuration of

the new instrument to perform the dielectric measurements.

6.2. Results Analysisi-

Generally, in polar polymers, two or three
i 4
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dielectric absorption (dispersion) processes are observed, when measured
over the wide temperature range. The dielectric absorption process
observed in the present study is only that which can be observed at

temperatures above Tg and is due to the orientation of polar segments

of main chains (see Chapter 2).

We shall discuss the properties of the dielectric, PVAc, a-absorption
in the following points:-
1) Determination of average relaxation time:-

An example of the
experimental results is shown in Fig's (5.16) and (5.26) where the die-
electric absorption curves are obtained over fairly wide range of
frequency and the loss peaks are clearly observed. The relaxation

time (1) was calculated from the following relation

1
T = Z“f L LR B B B B L B B B B O B I (6'8)
m

where fﬁ is the frequency at which the loss maximum occurs. The absorp-
tion curves are rather fairly flatter than the Debye absorption curve
(for single relaxation time system, see Fig. 2.4). The broadening of
the absorption curves can be related to the distribution of the relaxa-
tion times. Hence, the relaxation time obtained from Eq.(6.8) should

be called the average relaxation time.

2) Apparent activation cnergy:-

To examine the temperature depen-—
dence of T, it is generally assumed, see Chapfer 2, that this temperature
dependence of experimental relaxation (1) to take the Arrhenius form ;

T = A exp (AH/RT), where AH is apparent activation energy for the die-
lectric process and T is the absolute temperature. If the relaxation

times are measured over a wide range of temperature, however, plot of



log 1 against 1/T gives rise to a straight line and AH is determined
from its slope. In the present study, however, the temperature dep-
endence of T for the polymer system ( PVAc) is not ruled by the Arrhenius
equation, i.e. plot of 133 £ against 1/T is non-linear (Fig.6.2).

Hence AH should be @erived by tangents at various temperatures on this
plot and increases with decreasing temperature. In the range of high
temperature and short relaxation time, the change of AH with temperature

seems to be slow and AH can be taken as constant (i.e. 26.5 k cal/mol)

3. Distribution of the relaxation Time ;-

The dependence of AH on
the temperature, Fig. (6.2), has been reported by many workers. Ferry
and his collaborators (1962) found that, the Arrhenius equation in the
form
X - %—;) AL At S <1
where an is the ratio of the relaxation time at temperature T %o that
a; temperature To, is usually applicable to relaxation in polymers
occuring at temperature below the glass transition (B and y relaxations).
On the other hand they found that; for the great majority of relaxations,
In an is a simple function of T and the Williams, Landel and Ferry
(WLF) semi-empirical relationship, see below Eq. (6.10), is nearly
always applicable to the glass-rubber relaxation of amorphous polymers.
This relaxation is:

C,(r-1T)
Log aT o Tt C2+T—Tg R R R R (6.10)

where ap is the ratio of the relaxation time at temperature T to that

at the pglass temperature Tg.

To determine the values of the parameter C. and C2 in WLY-equation,

1
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it is required to plot (T - Tg)/log (T/tg) against T =~ Tg (William's
1955). 1f the temperature dependence of T is ruled by WLF equation,
1 and C2 can

be calculated. Unfortunately the value of Tg is too large to determine

this plot gives straight line from which the values of C

experimentally for the polymer (PVAc), being under test in this study.
Henc Tg has to be assumed and given a value which gives the best straight
liné,Graphically, this means that the curve of (i.e. e"/e& against

log f/fm) at T can be superposed upon the curve Tg by a horizontal shift

along the log t-axis equal to log a This method 1% called "reduced

To

variable method" (r.v.m.).

However, owing to the difficulty in estimating the value of T
and because, in the present work, the values of T are determined experi=-
mentaly over a fairly wide range of temperature, the r.v.m. is not
required. Nevertheless, it is interesting to examine the change of
distribution with temperature, because it is important to decide
whether the (r.v.m.) is valid or not in case of dielectric properties.
This can be done by comparing the curves obtained by plots of the
normalized loss against logarithm of reduced frequency (f/fm) at various
temperatures. This is illustrated in Fig. (6.3). It should be noted
that in Fig. (6.3);

a. The method of reduced variables appears to be valid since the
half-widths (loss peak distribution) seem to be identical for the three
results taken at different temperatures (44, 42, and 4000). It is also,
clear that the points of these different measurements lie in one curve,
the solid one. This in consistent with the results, Fig. (5.16) and
(5.26), where the ¢" curves were secen to shift to higher frequency

as the temperature increaed . but their shapes did not change.

b. The experimental curves secems slightly non-symmetrical
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being broader on the low-frequency side. This is in agreement with Fig.
(6.2) where the temperaturc dependence of T is not ruled by the Arrhenius

equation.

¢c. The experimental curve seems to be in fair agrecment with the
theoretical curves predicted by the theory of Yamafuji and Ishida (1962).
This theory treats the dielectric a-relaxation in terms of the co-operative

rotational motions of dipolar groups with the main chain.

Yamafuji and Ishida obtained an expression for e* of the following

form;

e = ¢! = je" = [+ jur D) Q+ jm-o*z‘l)]"* o . [633L)

where 3 and Y terms can be found in many text bocks. The above equation,

however, tends to Debye absorbtion curve if Y tends to unity;

E* = 1. RN A B B O I O I I B N R (6.12)
- f I R (%

o
In the limit Y -+ « Eq. (6.4) becomes;

PG P | 1 PR R I (6013)
i [ - w%?) + jute]?

For the special case wzxi << 1 this equation is identical with the
empirical equation of Davidson and Cole (1941). Hence plots of €' or
a"fs; against log w or log w/wm should be non—-symuetrical, correspond-

ing to "skewed" Cole-Cole are (1941).

Following William's (1967) the limiting theoretical curve according
to Eq. (6.13) is shown in Fig. (6.4) as well as those points (®) calculated
from Eq. (6.11) using Y value equal to 5. The master curve seems to be

identical with both curves but slightly narrower.
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d. The Frohlich, Kirkwood and Coworkers théoretical curves were

excluded for the following reasons;

i) both curves are symmeterical,different from the slightly

non-symmetrical experimental curve.

ii) both theories result in broad half-width curves, especially
the one predicated by the barrier theory of Frohlich, different from the
experimental one.

iii) the Kirkwood-Fuoss theory also predicts that the "average"
relaxation time should be proportional to the average degree of polymeri-
zation. This result is not observed for bulk amorphous polymers (William's
1967).

iv) Trohlich's theory is based on the assumption that; each
relaxation time is given by Arrhenius equation, where Fig. (6.2) shows

this is not true and AH is found to be a function of temperature.

e. In non-causal dielectric measurements the ratio fs/fc was
chosen to be 32 and hence fc was alway a small fraction..Owing to the
sharp character of the filter cut-off frequency, those higher frequency
compenents of e" were filtered and hence there are not enough points

for comparison.






216

CONCLUSTON

Once a ‘laboratory computer is available, the method described in
Chapter (6) can be easily realised and replace the existing ones which

are extremely tedious and of questionable accuracy.

It is now poss{ble to carry out dielectric measurements, over a
wide range of frequency and temperature, with a simple economical, fast

and accurate method.

The automatic obeying of the sampling theorem in this method, using
a high ratio of fs/fc, and the using of the special unit to perform the
F.T. give results without distortions and remove the necessity for putting

a lot of effort in programming the computer respectively.

As a result of this work an accurate, portable micro-computer
instrument for the measurement of dielectric relaxation has become a

practical possibility.
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Suggestion For Further Work.

There is a tremendous scope for further work in this field. Cer-
tainly more efforts could be made to perfect the method of an ideal

-

low-pass filter such as :

1. The instrument outlined in the discussion should be built.

2., Ewmploying a falling ideal low-pass filter response, instead
of the one being used in this work (rising), to make sure that the
measured energy losses are only those due to dielectriec relaxation.
This could be done by replacing program No. 4 by a new one to instruct
the computer: a) to normalize the maximum and minimum values of the
filter response to + 10 and O volts instead of + 5 and - 5 volts res=
pectively, b) to output the + 10 volts first and proceeding to output

the rest values.

3. Delaying the dielectric response sampling a time equal to
1/2fs where fs is the sampling frequency, after outputing each value
of the filter response. This should be done to avoid sampling the high
frequency part of the dielectric response resulting from the presence
of the stepwise progression in the filter response. This, together with
the use of low-pass filter, to filter these dielectric respénses, will

give less distortion in the results.

4, Increasing the ratio (fs/fc) value by employing small value
of x in Equations (4.17) and (4.18) to calculate Si(x). This has the
advantage of : a) increasing the sampling rate for each measurement
and hence less distortion will be obtained, b) obtaining a smoother

filter response (i.e. more steps of lower magnitude in a given interval),

Now, considering the measurements in general, once the instrument

is constructed it would be a simple matter to study dielectric relaxation
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in other polymers and over an increased range of temperature. This
could be easily done since the value of the filter cut-off frequency is
determined by the selected value of the sampling frequency and thus any
range of frequency could be covered within the limitations of processing

speed.

Also an investigation into the effect of plasticisers and other
additives on the dielectric properties of polymers could be profitable,

since there is plenty of previous work available for comparison of results.

An ultimate objective might be to use the computer on-line techmique
to draw:

1. Contour maps as produced by Reddish (1951), which shcwed
dielectric permittivity as a function of frequency and temperature. A
Countour map is a very efficient way of displaying these results, since
dielectric behaviour over a wide range of temperature and frequency can

be read at glance.
2. Cole=Cole arc (i.e. €' versue &'")
3. The normalized values of e" (i.e. e"/e; ) versue log (f/fm).
However, if computer can produce the above plots, it will confirm
this as a most useful and powerful method of analysing dielectric pro-

perties, and the manipulation of the data enquires would represent a

comparitively simple exercise in software generation.
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Appendix A

A= 1 TYourier Transform (F.T)

Basic F.T. Ana]ysis:—‘
; The essence of the F.T of a waveform is to
decompose or separate the wavefeorm into a sum of si&goids of different
frequencies. If these sinsoids sum to the original waveform then we
have determined the F.T of the waveform. The pictoral representation

of the F.T is a disgram which displays the amplitude and frequency of

each of the determined sinuscids.

The F.T identifies or distinguishes the different frequency sinusoids
(and their respective amplitudes) which combine to form an arbitrary

waveform. Mathematically, this relationship is stated as

HGw) = I h(t) e I°F 4t AAA R S| (A.1)
—0
wvhere h(t) is the waveform to be decomposed into a sum of sinusoids,

H(jw) is the F.T of h(t).

However, if the waveform h(t) is not periodic then the F.T will be
a continuous function of frequency; that is, h(t) is represented by the
summation of sinusoids of all frequencies. The F.T is then a frequency
domatn representation of a function contains exactly the same information,
as that of the original function in the time domian; they differ only

in the manner of presentation of the information.

The Fourier Integral :-—

Consider a pair of relations called the

fourier transform pair:

o

PGia) | = I T T R Y

0
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w3

£(t) = -21-; I PCia) % Gt couesns | (Ae3)

The first of these evaluates a frequency sepctrum F(jw) from a given
function of time £(t). The integrandof equation (A.3) is F(jw) {cos wt +
j sin wt }. Hence, equation (A.3) represents f(t) as an infinite sum of

frequency component.

In general, F(jw) is complex quantity of jw. It is a sum of real

and imaginary terms:

F(ju) = R(w) + jX(w) P A (A.4)
where R(w) and X(w) are both real functions of w. Now replace eﬂjwt

by Eulers relation in equation (A.2). This yields

F(jw) = I f(t) (cos wt - j sin wt) d P S

Thus
1R(w) = J f(t) cos wt dt e e s siew CK.E)
X(w) = J f(t) sin wt dt e seeet e g

However, if f(t) is real, then R(w) is an even function of w and
¥(w) is an odd function of w, such that when w replaced by - in
equations (A.6) & (A.7), R(w) remains unchanged while ¥(w) must be

replaced by -X(w).

A =~ 2, Convolution

Convolution Integral :-

Convolution of two functions is a significant
physical concept in many diverse scientific fields. The convolution of

the two functions fl(x) and fz(x) is written as fl(x) * fz(x) and is
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d efined by the integral
oo

fl(x) % fz(x) = I fl(y) fz(x—y) dy seieseae s ARB)

-0
Ll

Note that the integrand consists of the product of the first function
multiplied by the second which has been reversed in time (note the -y)
and time shifted. Note that x is treated as a parameter (constant) in

the integration.

If we let z = x~y, the convolution becomes

fl(x) * fz(x) = I fz(z) fl(x—z) dz T = RN e, 0785

-0

Then

fl(x) * fz(x) fz(x) * fl(x) vissernmeessne CATO)

Thus the order of convolution is unimportant.

Time Convolution Theorem:-—

Possibly the most important and powerful
tool in modern scientific analysis is the relationship between equation
(A.8) and its Fourier transform. This relationship, known as the con-
volution theorem, allows one the complete freedom to convolve mathemati-
cally in the time domain by simple multiplication in the frequency domain.

This states that if
N f : . .
£,(t) < F, (Gw) ; 9(t) F,(jw)
£,(0) * £,(t) « F, (Gu) F,(Gw)  coevvnnns (A1)

Thus, the Fourier transform of the convolution of two functions of

time is the product of their individual transforms. To prove this result
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we apply equation (A.2) to the convolution; this yields

0 o

T, ~jut
£.(8) * £,(t) +» I [ J £, £,(t - x) d“] e dt  +.. (A.12)

- —00 —c0

Now, assume that fl(x) and fz(x) are such that the order of integra-

tion can be interchanged; thus:

fl(t) %* fz(t) <= J fl(x) J fz(t -~ X) e"jwt dt dx. sese. (A5 13D

-0 . -0
By substituting 6§ = t = x the term in the brackets becomes
L _O (5 ‘+‘ _l = -.6
I £,(8) e 7° X'y - A £,(8)e 77 48

-0
-0

- F2(jw) e-wa LR R R Y (Aol&‘)
Equation (A.14) can then be rewritten as
[--] x|
£,(6) % £,(t) J £,60 €9 B (ju) dx .eenees  (A15)
—
fl(t) * fz(t) <> Fl(jw) Fz(jw) R A Ny (A.16a)

The converse, such as;

£1(6) £,(t) < %;  ET RS M T ISR

can be proved similarly.

A-3 Waveform Sampling :-

If the function h(t) is continuous at t = T,

then a sample of h(t) at time equal to T is expressed as

BEE). = DL SlE =) = Y SRS 0 Lecaveste - (A1)
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Therefore, if h(t) is continuous at t = nT for n =0, *+ 1, + 2 .,.. then

L

h(t) = 1} h(nT) §(t - nT) yadio me s aihsnii o LASAEY

n.:—m
-

is termed the sampled waveform h(t) with sample interval T. Sampled h(t)
is then an infinite sequence of equidistant impulses, each of whose
amplitude is given by the value of h(t) corresponding to the time of
occurrence of the impulse. Figure (A2) illustrates graphically the
sampling concept. The sampled function A2(e) is equal to the product
of the waveform shown in Fig (A2(a)) and the sequence of impulses A(t)
illustrated in Fig (A2(b)). We call A(t) the sampling function; the
notation implies an infinite sequence of impulses separated by T. The
F.T's of h(t) and A(t) are shown in Fig's (A2(c) and (d)), respectively.
From the frequency convolution theorem, the desired F.T is the convolu~
tion of the frequency functions illustrated in Fig's (A2(c) and (d)).
The F.T of the sampled waveform is then a periodic function where one
period is equal, within a constant, to the F.,T of the continucus func-
tion h(t). This last statement is valid only if the sampling interval

T is sufficiently small.

If T is chosen too large, the resulte shown in Fig (A3) are obtained.
Note that as the sample interval T is increased (Fig's A2(b) and A3(b)),
the equidistant impulses of A(jw) becomes more closely spaced (Fig's A2(d)
and A3(d)). Because of the decreased spacing of the frequency impulses,
the convolution with the frequency function H(jw) results in the overlapp-
ing waveform shown in Fig (A3(f)). This distortion of the desired F.T
of a sampled function is known as aliasing. As described, aliasing
occurs because the time function was not sampled at a sufficient high
rate; the sample interval T is too large. An examination of Tigls (A3(c)

and (d)) peints up the fact that convolution overlap will occur until



Figures removed for copyright reasons

Figure A2 Graphical frequency convolution theorem
development of the Fourier transform of a sampled
waveform (p. 233)

Figure A3 Aliased Fourier transform of a waveform
sampled at an insufficient rate (p. 234)

Figue A4 Graphical derivation of the sampling theorem
(p .236)
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the seperation of the impulses of A(jw) is increased to 1/T = ch’
where fc is the highest frequency component of the F.T of the continuous

function h(t).

A.4 Sampling Theorem :-

The sampling theorem states that if the F.T
of a function h(t) is zero for all frequencies greater than a certain
frequency fc’ then the continuous function h(t) can be uniquely deter-

mined from a knowledge of its sampled values,

h(t) = h(T) )] &(t - nT)

ns-—w
In particular, h(t) is given by

@ sin 27 £ (t - nT)
h(t) = T )} h(aT) & R e 8 1)
n=- w(t - nT) .

To construct a proof of the sampling theorem, recall from the
discussion on constraints of the theorem that the F.T of the sampled
function is identical, within the constant T, to the F.T of the un-
sampléd function, in the frequency range - fc L it fc' From Fig (A2(f)),
the F.T. of the sampled time function is given by H(jw) * A(jw). Hence,
as shown in Fig's (A4(a), (b) and (c)), the multiplication of a rectan-
gular frequency function of amplitude T with the F.T of the sampled

waveform is the F.T H(jw)
HGw) = |HGw) * AGw)| QGw) SR MR = Sor S o

The inverse F.T of H(jw) is the original waveform h(t) as shown in
Fig (A4(f)). But from convolution theorem, h(t) is equal to the con-
volution of the inverse F.T of H(jw) * A(jw) and of the rectangular

frequency function. Hence, h(t) is given by the convolution of
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h(t) . A(t) and q(L);

In(e) ace)] *q(r)

hit)" =
= I |[h(T) &§(t - nT)| * q(t)
n=—o

§ h(aT) q(t - nT)

n='--oo
® sin {27 £ (£ = nT)
= TJ h(aT) [2n £ ) vijso KAVER)
n=-=w w{t — aT)

Equation (A.21) is the desired expression for reconstructing h(t) from

a knowledge of only the samples of h(t).

We should note carefully that it is possible to reconstruct a sampled
waveform perfectly only.if the waveform is band-limited. In practice,
this condition rarely exists. The solution is to sample at such a
rate that aliasing is negligible; It may be necessary to filter the
signal prior to quantization to insure that there exists, to the extent

poscible, a band-limited function.

A-5 Frequency Sampling Theorem:-

Analogous to time domain sampling
there exists a sampling theorem in the frequency domian. If a function

h(t) is time=limited, that is

hie) = 0 || = °

then its F.T h{(jw) can be uniquely determined from equidistant samples

of h(jw). In particular, H(jw) is given by

o sin [2ﬂ T (f = nf2T )]
H(jw) = E%r- ) “(2; ) = = Soaiev T (BREDY
c n (£ - n/2 Tc)

n= -0

The proof is similar to that of the time domain sampling theorem.
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A-~6 Discrete Fourier Transform (D.¥.T) :-

In evaluating the F.T, H(jw),
of the function, h(t), we have assumed so far that, the function h(t)
is a continuous Eunction of time consisting of an infinite set of points
in the time domian. In this section a special case of the continuous F.T
which is amenable :5 machine computation will be developed. The approach
will be to develop the D.F.T from a graphical derivation based on con-
tinuous F.T theory. To simplify the analysis, we shall calculate the

area under the curve, f(x) as shown in Fig (A5), using horizontal and

vertical line segments. This figure illustrates

where x_ = x_ and xb = XN. Now, if f(x) is assumed to be constant at
a o

f(xk) for Xk £ X< Xk+1; that is

£(x) = £(X ), X <sXs<X
Hence, if the curve is divided into N equal areas

Ax = ib;..}f.a_ = .x_.N_.-_._).:.g
N N

Then the area of the K, rectangle is f(xk - 1) Ax. Therefore, the

approximate form of the integral is given by

*» N-1

I f(x) dx = Ax ) f£(x) o . Lo R S (A.23)
% n=90 »
a

Applying .this to F.T of equation (A.1), we have

N/2-1
F(ju) = At ) £(t) e
n=-N/2 5

™ S O g T R T



f(x)

Fig(A5):

Approximation to a curve using horizontal and Vertical line segments.

et

65T
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Note that N was chosen as an even number so that we could integrate
symmetrically about t = o. For most practical cases, f(t) = o for t < 0.
In such cases, we integrate from t = 0 to t = w. Thus, the approximation

is of the form.

: N-1 .
FGu) = at ] £(r) e 1% S )
k=0

proceeding in a similar fashion, we can approximate the inverse F.T of

(A.2) by
N/2-1 $
B(t) = 5= do ) FGu) ea" L. (a25)
n=-N/2
where
s 2w:/2

Now let us consider a procedure for evaluating.aquation (A.25).

First we shall relate At .and eotd. Let T be the entire time integrated

Hence

At = T/N (A.26)

We are sampling the signal every At seconds. Then, from section (A.4),
the maximum bandwidth of the signal w is given by w/wa = At or

w = m/At. Since we have chosen N samples in both the time and fre-

quency domains, s H%E-. Equating these two values of w_» we obtain
21 27
Aw Nﬂt ‘i"— R R E R (A.Z?)

Substituting equations (A.26) and (A.27) in equations (A.24B) and
(A.25), we have

N-1 :
F(ju ) = bt } £(kat) e 2inkn/N

k=o
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N/2-1

£ = 22 NT T pgapany AN L 00 ey
k 2n
n=-N/2
where t. = kAt and w = nlw
|4 P, n

Making use of the fact that equation (A.28) is periodic in n

with period N. we can replace n by n + N and write equation (A.29) as

N/2-1 ] =1
m
n=o -N/2
and
F |i( —-21*1+a) bl = F [5G+ )k

In addition

ej2nk[-(N/2)+a]/N k ej2ﬂka/N 4 ej2wk[(N/2)+a]/N

-1

Thus, the summation from - N/2 to - 1 can be replaced by one from N/2 to

N - 1. Hence equation (2.29) can be written as

N-1 :
] F(insw) &I2™kn/N SRR i S ¢

n=o

Aw

£t 21

For purposes of abbreviation, we use the following notation

Aw

= = 1 ! = B
fk At £(kAt), Fn F(jnlw) , fk f(k&t) and Fn e Fn
Substituting in equations (A.28) and (A.30), we obtain
N-1 ik
Fn s I fkw .-......‘......-0.‘. (A'Sl)
k=0
and
N-=1
fé = z Fr‘l m-nk L L I I I R I ) (A|32)
n=0
where w = e—32an .



242

In general, for all N of Fn’ we can write

mo(o) oy mo(l) £ 4

o - s e e U.‘O(N*l) f
0 o 1

e
I

n-1

A 1(o0) 1(1) 1(N-1)
Fl w fo + w fl LT fN-l

A.7 Fast Fourier Transform (F.F.T) :-

The procedure which is called
the fast fourier transform, was firstly developed by T.W. Cooley and
J.W. Tukey, (1965) to reduce the amount of computation involved in eva=
luating the D.F.T. and thus, results in a great saving in the computation

time. It is also, sometimes called the Cooley =— Tukey algorithm.

To use the F.F.T., only certain discrete values of N,, the total
number of samples will be allowed. This is done to make the computation

simpler. 1In general, N should be an integral power of 2.
N . 2 L B B I B B B A (A-.33)

where r is an integer. Now, consider D.F.T's for two functions. The
first is for a set of N/2 samples which consist of fk for all even values
of K. The second transform is a set of N/2 samples which consist of fk

for all odd values of k. let

gk = £2k L I N RN N (A'Bz")

and

h k = 0’1 L =-g--1 L B B B ) (A.35)

3 f2k+1’

Then &, corresponds to fk for all even values of k and hk corres—
ponds to fk for all odd values of fk' The D.F.T's of 8y and hx are

given, see equation (A.31), by
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M/2-1
6, = g, 3 (4n/N)nk S g I S
k=0
a/2)-1 X
SRR i WP e il JRNEE S (. S SRR

k=0

Note that 4w/N rather than 27/N appears in the exponent since N is replaced
by §/2 in each of these summations. Also note that since gk has only

half of the number of sample points Gn can only be evaluated for N/2
values. A similar statement can be made for hk and Hn' Now, let us

write F in terms of G_ and H , such that
n n n

s gue)=l —3 (2n/N) 20k (N/2)-1

n I Bx g Z hk

k::o k= o

e—j(2w{N)(2k+1)n

F oo s (Ae38)

Comparing this with equations (A.36) and (A.37), we have

PliGe. B @ e*J(Zn/H)n
n n

=

Hn’ n=0’1’ OI..’ _l L B I B (Alsg)

Fn is periodic, hence, Gn and Hn will themselves be periodic with period

N/2, hence,

G(N{2)+n = Gn essssssesssasssnsess (A40)

H(N/2)+n s Hn I R RN (A-zll)

Then substituting in equation (A.38), we have

-3 (27/N)L (N/2)+n]
F(Nf2)+n - Gn ¥ie Hn

or

5 -~ J~i@7/N)n
F(N/2)+n Gn i Hn

Substituting equation (A.31), we obtain
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4 n N

bn . Gn+m }ln' n‘":O,]_, *esey -2-”1 L B B S (A042)

' - - P N s 4

r(N/2)+n- = Gn w Hn, 2 <o 0| 53 eeee N =% wene 8:43)
Note tl‘at m[r + (-N'/z)J = ey wr L B B I B I O R B I B ) (AD44)

Thus, using equations (A.40) and (A.44), equations (A.42) and

(A.43) can be written as

n
Fn - Gn+m Hn’ n=0,1, 'aoo,n.-l EEE AR (An45)

Equation (A.45) indicates that the D.F.T can be expressed, using
N samples, in terms of two D.F.T's using N/2 samples each. The advantage
of doing this is, if N samples are used, in general, on the order of N2
arithmetic operation are required to evaluate the D.F.T. Thus, to
evaluate both G, and Hn, 2(%)2 = %? operations are required therefore,
both of these transforms can be evaluated using half the operation needed
to evaluate Fn. In general 2N operations (multiplication and addition)
are required to obtain Fn from Gn and Hn. However gz-+ 2N is usually
much less than N2 when N is large.

The number of operations can still be greatly reduced remembering
that G, and Hn, each of them is the D.F.T of g, and hn’ respectively.
Each of these D.F.T's can be split into a sum of two transforms corres-
ponding to N/4 samples. Similarly each of these transforms can be split
into two D.F.T.'s each corresponding to N/8 samples each. (This is why
N is chosen equal to Zr.) This operation can be repeated until the
transform of a one—point function is taken. (The D.F.T of a one-point
functiop is the function itself). This complete operation is the F.F.T.
in general it can be shown that %- N log2 N arithmetic operations are

g > . 2 ; , 1 S
required in F.F.T. while N are required in the D,.F.T. This represents

a saving of (1.5 Log2 N)/N and for large N, this can be substantig].
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Appendiz B

Linear Time System

A lipear System is one whose output, due to a sum of (sets of)
inputs, is the sum of the outputs resulting when each (set of) input{s)

acts separately. Such a system is said to satisfy the principle of

superposition.

B-1 Linear System Response; Relation To Transfer Function, Inpulse

Resgonse:—

Assume we are dealing with a linear system, shown in
Fig (Bl), which has a single input f(t) and whose response to it is

g(t), such that;
TAE)T. = plE) e nisietainlale nla 0 n 4" (B.1)

Now suppose that the input signal is a very specific one; the unit

impulee 8(t) and if its response to it is h(t) then
T{G(t)} = h(t) L I A (B.?.)

Assume that the F.T's of h(t), f(t) and g(t) exist and are given

by
h(t) < HQGs) = 1
£(t) <> F(juw)
L R (303)
g(t) <« G(jw)
Making use of g(t) = J £(y) h(t = y) dy and using equation (A.16), we
can write;
G(w) = HGw) F(w)
or, equivalently,
H(jw) = G(j(ﬂ)/F(J’w) R R Y (Bo(})

Thus, the F.T of the output of a system is the F.T of the impulse



£(t)

H(juw)

g(t)

System whese transfer

mmction is H(jw).

v

9%e
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response times the F.T of the input and the F.T of the response to a

unit impulse is the transfer function.

P

B-2 Relation Between The Unit Impulse And Unit Step Responses:-

In
general, for a linear, time-invariant system, if we know the unit impulse
response, the unit step response, or the response to an arbitrary signal
whose Fourier spectrum is not zero for any value of w, one can find the
response to any arbitrary signal. For example equation (B.4) can be
used to obtain the transfer function H(jw) if the Fourier spectrum of

the input and output signals are known.

We have also expressed g(t), the response of a system to an input
signal £(t) in terms of the whpulse response h(t). This relation is

(see equation (A.8))

g(t) = I f(y) h(t - y) dy S S A (B.5)

—c0

Consequently, if the response of the system to the unit step function,

u(t);
1 for ¢ >0
u(t) = bk ek van i BsE)
0 for it >0

is a(t), then we can write from equation (B.5)

at) = J UCy) hi® = ¥) dY ceonews {Bl)

or, equivalently, see equation (A.10)

;l(t) = I h(t) U(t - y) dy ojaresiewial | B0

o0
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However, U(t - y) 0 for-w. ot land UE-—y) = 1 for' y.< L,

hence

t

a(ty = J hiy) dy (B.9)
0

Thus, the unit step response is the integral of the unit impulse response.
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Bppencin C

Representation Of Dielectrics By Lumped Circuit Equivalents:-

The current=-
voltage diagram, (see Fig (3.3), measured for a Capacitor dielectric at
one frequency oniy, allows any number of circuit interpretation. The
simplest equivalent picture would be that the capacitor housing contains
an ideal condenser C; and a resistor R in series or in parallel combina-
tion Fig (C.1). How well either one of these circuits simulates the
behavior of the actual dielectric can be established only by calculating

the frequency response of these networks and then comparing them with

the dielectric response characteristic actually observed.

In the series arrangement the applied sinusoidal voltage equals
the sum of the voltage drops across the resistor and the capacitor;
in the parallel arrangement the total sinusoidal current is equal to

the sum of the currents passing the two circuit elements. Hence we

obtain:
0 Series Arrangement
¥ = IR+ é‘"‘ RPNV A
=3
1
= I(R + el )
1
v 1
Z . 'i' R L ij. R R (C.z)
i
ii. Parallel Arrangement
_ v dv
I — R + Ci dt L I (CI3)
Sy 4
= =
V(R juc.)
I 1 ;
= e e » te s s s s s ancn .
Y v R wai (Q.4)
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(a)

Co

Fig. (€.1):

(b)

Simplest equivalent circuits for
capacitor dielectric,
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In terms of the complex permittivity, a capacitor of the geometrical
capacitance CD has the admittance (Anderson,-1965)
wC

.,=_1;= " vt
Y z (E i Jc ) eo DR A (Cts)

By equating the admittances of the two circuit arrangements to this
expression, we arrive at the equivalent values for the relative dielectric

constant, loss factor and loss tangent:

A Series Arrangement

Gt

! = 1 0 Y
e co(1+ (wRCi)Z) ® 8 8 2888 s e (cie)

. wR C% e
E" 4 R R S A (Co?)
Co(l + (wRCi) )
tan 6 = wRCi L B B N R B B B BN B BN BN ) (C.B)
it Parallel Arrangement
€, C.
C' = C 1 @ 8 & & 8 8 8 A ® 8 A0 e e (c‘g)
o
€0
" =
e RC LA B L B B BN O L B B B BB B ] (C|lo)
o
tan 6 - 1 L R R I I R (Clll)
wRCi

Obviously, as Fig (C.l) shows, the frequency dependence of these

two elementary circuits has completely different trends.

However, dielectric spectra that can be represented by combinations
of RC circuits are called relaxzation spectra. A common criterion of
such spectra is that, whereas the loss tangent as function of the frequency

may rise and fall, the dielectric constant can only stay constant or fall,

as the frequency increases.
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AEEendix D

Dielectric Permittivity and Its Voltage—step Response:-

Having discussed
F.T. and the coqyolution theorem in the previous sections we have now
enough tools to deal with the response of the linear system to voltage-
step., It is intenﬂgd to show here, the manner in which the permitti-

vity of a dielectric is related to its step-voltage response.

Now, if the dielectric is considered as a linear system with an

input x(t) and an output y(t), then the response of the dielectric

(i.e. i(t)) can be expressed in terms of an applied stimulus (i.e, %%
where v represents a unit step function) such that,
i(t) = c(e) *» & Tens ks el 18
dt :
where C(t) is the impulse response of the system (see App. (B.2)).
Expressing equation (D.1) in the complex frequency domain gives;
I(s) = C(s8) . 8 . V(s) 8 el atn 4R (D.2)
for a step of height V and V(s) = -%
S0
I(s) = w C(s) NS O (D.3)

If C is a parallel plane capacitor of area A and thickness d, then,

EOA
C(S) o T E* (S) C R A R ] (Dl4)
or back in the time domain
e Av

i(t) = e* (t) i I (D.5)

It should be noted that e*(t) represents an impulse response in
the sense that it is obtained by the inverse transformation of a fre-
quency response. i(t) is the measured current response to a step of
voltage, and in the low frequency range this is more easily measured

then the response to a sinusoidal stimulus. The complex dielectric
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constant for real frequencies is determined by F.T. of (D.5)
e¥(w) = e'(w) - je"(W) = (d/e AV) ][ i(t)

where { denotes F.T.
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Appendix E

Interfacial. Polarization:-

In considering mechanisms of polarization
in chapter 2, the electronic and atomic polarization were identified as
arising from dié}lacement of electrons or atoms due to the applications
of a field. This is called distortional polarization, distinguishing
it from orientationél polarization arising from rotation of the molecular
dipoles. The mechanism here differs totally from those so far discussed.
Previously, the atoms and molecules found themselves under the influence
of a local-field consisting essentially of the applied field, modulated
by the polarization of the surroundings. Now, large-scale field distor-

tions enter, caused by the piling up of space charges in the volume or

of surface charges at the interfaces of dielectric (Von Hippel, 1958).

The classical example of interfaciel polarization is the Maxwell-
Wagner two—-layer condenser Fig (El). The dielectric consists of two
parallel sheets of materials (1) and (2), characterized by their dielec-

tric constant, conductivity, and thickness (e!, 61, dﬁ} and (eé, 62, dz),

1
respectively. When a d.c. field is suddenly applied, the initial field

distribution corresponds to electrostatic requirement of constant flux

density

or LRI S I O B N L B (htl)

EllE2 B

mj| m
el 1

whereas the final distribution follows from the condition of current

continuity

or L R I (E.2)

Elliiz = 62/51
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The transient which links the initial and final state may be derived
from the equivalent circuit of Fig(l2). The applied voltage V, which

is a constant, will always be given by

V - vl * Vz LRI A A A B A (E.B)

The condition of current continuity, i.e. E, 0, = E, 0ys is represented

in the equivalent ecircuit by

dv v dav v
1 L 2 2
Cl dt + Rl Cz t . "ﬁ'; LR SR R (E-z})

substituting from (E.3) we have

dv Vv
1 ). \
(Cl + C2) e + . KI
and . L B B O ) (EIS)
dav \
2 \J
BB R i
2
where
N e
o ey
Rearranging and integrating give
v
t v 1 .
'6"R' LOg ('Ig ﬁ_) +Con5t ERE R R R R (EGG)

and a similar equation for Voo The initial condition are that V is
applied at t = 0, at which time the voltage will be distributed

between condensers in the inverse ratio of their fractional capacitances,

l1.e.
C C
2 1
XL e =i and vV, = V
1 Cl = C2 2 Cl + Cz

Using this in equation (E.6) leads to
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1 Rl * Rz T
, “es (Eo?)
and similarly
v g ey R2 &1~ - ClRI) e—t/T )
2 Rl + RZ T
il b
Wh.ere T e CR - (Cl"'cz)l_{"]:"_;"—iz— R R R R (E.B)

and is the time constant of the complete circuit. However, we may use
the equivalent circuit to obtain the frequency - dependence of permitti-

vity, as follows:

)
Y =
Yl + Y2
(%’* jucy) (ilz"'j“‘cz)
= 1 2 L B B BN BN B B R B R (E'g)
g { !
s e LY

L

S 2 i a3 e :
by ; 1-w 1% +w 1(1'1!- -:2) jout(l - w 1112) + le(r + 1:2)
L ) 1 + w2 12

=t T =
where T1 ClRl and 2 CZRZ

From definition of the admittance of an equivalent condenser;

P Lped j (e‘ = jeu) CO R (E-ll)
where
A
G =
o d1+d2

O S el Mo - e 11
¢ (R, + R.) 1 + w212
7 s | 2

E'

) .. (E.10)
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gL ' = 0

E' s & = ——— D R (Eol3)

and at w = &

a 1o 2 1
g s g o - N S Mos e ) (E.14)
T (.D(R1 i R2)
Substituting in (E.12) we have
o
l =
E Etﬂ < o _i_‘l__ulz'—'{‘z‘ A R A R (E-15)

Comparing Equation (E.15) with (2.23) it will be seen that the
variation of ¢' is precisely the same as that for the case of Debye
relaxation, and T may identified with the relaxation time. Thus by
measurement of the real part of permittivity it is not possible to
distinguish between the effects of interfacial and orientational polari-

zability,
From (E.11) and (E.10) we also have

AL 2 ’
. 1 1-w L) + W T(Tl + 12)

wC B 1 + wc T4
wco(Rl RZ) wé T

sssvans (E.16)

hence, using (£.13) and (E.14)

(ss - Em) WwT

n 1 +

2 .4 LRI R ) (Ecl?)
wCo(Rl + RZ) 1+ we T

The second term of (E.17) is exactly the Debye relaxation equation (2.24),
but there is an additional term inversely proportional to frequency.

This means that the losses, represented by g", tend to infinity as gy

tends to zero. Thus the case of interfacial polarizability may be
distinguished from Debye relaxation frequency. In the Debye case g"

drops towards zero as the frequency is lowered.
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Fig. (E.1) Maxwell-Vagner two layer condenser,

Fig., (E.2) Equivalent circuit of two layer condenser,
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Appendix F

How Does The Delay Step—Function Affect The F.T. Of The Dielectric

Responge:~
Refering the App (A-3), the function g (t), Fig (Fl), can

be written as ;
's(t) = h(t) U(t) Eerin ARl Cregs s W

where h(t) represents the system's impulse response and U(t) is a unit

step~function, such that

0 £ <0
u(t) = D T A O (r.2)
P )
Accordingly:
g{t) = h(t) for £ 50 sl e e (F.3)

Now, if h(t) is assumed to be an exponential (i.e. h(t) = e-at, where

a is a constant), then the usage of equation (A.2) gives;

c(jw) = rh(t) By R L L e
= In e-(a + Jujt dt
¥ o
or
- 1 e
G(juw) = m o alaialn alwinia R ala (r.5)

putting G(jw) = R(w) + j x(w) and multyplying equation (¥.5) by

a - jw X
——"—l—-, we obtain,

a - jw
a
R-(b}) a -‘:L-:r-‘__“-z' LA S I T T B R O {F°6a)

and

x(w) = gy-%’—-t? IO S L T



Pig., (F2) : A step function starts at t = T.

.S —~-
% “y R_—t
uU(t) hity = e gLty = hit . V(L)
Fig., (F1) : A step function starts at t = O,
* =
s -t » L =
a7 =
PR T o hey = € *¢ T 9 = he . UleT
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Now, if the step function U(t) is delayed by T along the t-—axis
such that

. u(e) = IO SO s ST

Then, we have

Sy .= j g (@t ot 4o

4
Hence
el =juT
G(Jw) = ;‘;—'JTE‘ srestasene (FIS)
putting e—JwT = cos Wl = j sin wT and multyplying equation (F.8) by

(a = jw/a - jw), we obtain

. (a - jw) eHaT g
C(jw) = ey (cos wTl -~ j sin wT) .... (F.9)

Seperating the real part from the imaginary, we have

=5T
“R(w) = Eingai—- (acos WT = o 8in WT) seceesss (F.10a)

and

=aT
X(w) = 'EEE:TI;T_ (a sin WT + ® cos WT) .sevessss (F.10b)

Now, if T is taken to be small enough compared with the time
required to sample the whole waveform, we have:

1. e 3T o 1, provided a is small as well. In fact, Frohlich
(1949) assumed that a = 1/1, where T is, the relaxation time of the
dielectric material, independent of time but may be depend on temperature.

In case of polymeric solid material T is very longe and hence a is a

small fraction.

2% If @ is small, then the first and the second terms in equation

(F.10a) will tend to a and zero respectively. The corresponding terms
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in equation (F.10b) will tend to zero and w respectiyely. Hence,

equation's (F.10a) and (F.10b) may be written as;

a =
R(W) e m L R I B R A (1'.118)
-X(m) = 'a"z‘_t:—:;z" R R I N I AT R e (F-llb)

Therefore, both the low frequency components of real and imaginary
parts of the F.T of the system response to delayed step—function are
not affected since, equations (F.6a) and F.b6b) are just the same as

equations (F.lla) and F.1llb).

3. To show how, the high frequency components of the real and
imaginary parts of the F.T of the system to delayed step-functiocn, are
affected by the latter, numerical values will be given to a, T and

and used in equations (F.6) and (F.10).

Relaxation times for polymeric solid materials are in general,
very long (i.e. 90 sec at room temperature). Let us, however, assume

that © = 50 sec hence, a = %- will equal to 0.02 sec 1,

The highest sampling rate used for e¢' and €" evaluation, in the
present work, was 6 Hz. Therefore the highest frequency associated
with €' and €" components is 3 Hz and w = 2nf will be equal to 6.m.
The values of R(w) and X(w) calculated from equations (F.6) and (F.10)

for T = 3 and 5 sec are listed below.
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o R o - T = 5 gec
“rad Eq (F.6)° Eq (F.10) Eq (F.10)
sec
R (w) X(w) R (w) X (w) Rw) X(w)

-2

) =5 =5 -2 -5
61 5.63"% 10. 15,3 10 Sediz 10 5.0 x 10 51 % 10

4.8 x 107

. "'f o | _ : —q’ -l
2n 5.06. .10 11,6 x 10 |4.8x 10 ]1.5 % 10

3

= - - -1
. 2.03 x 161 3.2 x 10" |1.9x 10°] ~.3 x 10

It is apparent from the above table that the differences between
R(w) and X(w) calculated from equation (5-6) and those calculated from
equation (5-10) are not that critical and become smaller as w gets
smaller. However, errors becomes more serious when T increased and
hence, (-aT) becomes more negﬁtive. This also implses that when T
.decreases at high temperature, a = %- increases and e-aT becomes a
small fraction. Therefore, values of €' and e" associated with both
high and low frequency components should be divided by the correction

factor e-&T.

Tt is still necessary to emphasise that, the above theoretical
treatment is confined to the case when the decay function h(t) is
assumed to be an exponential and the relaxation of the material is

Debye's type.
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Appendix G
The Application Of Real Time Computing

G-1 Introduction :—

The computer used for this work was a Ferranti
1600B mini computer. This is a 24 bit machine, unlike most minis which
are 16 bit. This has three addresses per instruction, making it effec-—

tively twice as powerful as a one address machine.

The configuration shown in Fig (Gl) includes 32k of store, a disc
store, 2 teletypes, a paper tape reader and Punch, a D/A and A/D con-
verters, a visual display unit (V.D.U) and a graph plotter. Computer
operation is controlled from the teletype keyboard, and the machine is
normally ready to receive an instruction unless another programme is

currently being processed.

The (V.D.U) made up from aTektronix storage tube provides a fast
noise free output. A graph plotting subroutines incroporating several
facilities were available to ease the process of analysing the current
transients and assist the preparation of graphs. The facilities of

~ this included;

variable sized axes

w
i

b =~ preset or auto scaling of X and Y axes

c the ability to title the axes easily .... etc.

d the possibility or having several plots on the
same axes (with different symbols)

e = plots on either the V.D.U. or plotter.

Towards the end of the duration of this research, a Breakpoint
programme was developed to ease the tracing the fault in the programme

being used.

The available software was programmed in "“FIXPAC": an assembly



A/D Converter

D/A Converter

Handswitches P/T Reader

32 K stone

Processor

Disc store

P/T Punch

Fig.

(G.1):~

LAY

V.D,U.

The Computer Configuration.

Graph Plotter.
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level language having almost a one to one correspondance between written
instruction and the words in store. Programming in “FORTRAN" could be
used, but data and programme interrupts, which enable powerful on-line

operation, are programmable in "FIXPAC" language.

The important operations involved with on-line input and output

work with the FM 1600B are discussed below:

G-1-1 On~Line Working:-

The terms on-line and real—-time often present
an unclear concept. In an attempt to clarify the situation, the defini-

tions as given by Martin (Ref, 49 ) are given here.

"An on-line system may be defined as one in which the input data
enter the computer directly from their point of origin and/or in which

output data are transmitted directly to where they are used."

"A real-time computer system may be defined as one which controls
an environment by receiving data, processing them and returning the
results sufficiently quickly to affect the functioning of the enviroment

at that, time."

G-1-2 Interrupts :—

Interrupts occur in two forms, data interrupts,
which can take place during the processing and at the end of an instruc-
tion, and programme interrupts, which can only occur at the end of an

instruction.

Data interrupts cause data to be transmitted to or from the computer
by a peripheral. A data interrupt when completed may initiate a program

interruﬁt, depending on the peripheral being used.
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A program interrupt causes the currently running program, often
reffered to as the main program, to be held up so that a special pro-
gram, the interrupt program, may be entered. This interrupt program

may be utilised for processing of the new data or generating more data

for dispatch.

Peripherals, however, are connected to the computer via a standard
interface system, the design philosophy of which can be found in paper
by Crapnell and Richmond (Ref, 12 ). The particular interface used by
the FM 1600B is the 22 - channel Ferranti 'B' Standard Interface. Each
channel has eight control lines associated with it (Table G-1) and has

access to a common 24 - bit 'data highway'.

Thus, before an interrupt can occur, the QS staticiser for the
channel to which the peripheral is connected must be sat so that the

peripheral is put on-line.

If the interrupt is to be initiated by the program the QM staticiser
must be set which subsequently sets the AQD function of the peripheral.
The setting of AQD is dependant on the particular peripheral as it will
either request a control word to define the operation required (Table,
G-2) or will set the AQD lines for the only operation that it is capable
off. The peripheral replies with a Cycle Request (by setting R) to the

computer, asking for a transfer of data.

For a peripheral initiated interrupt, providing the QS staticiser

is set, the peripheral starts the interrupt by sending a Cycle Requests.

The J line is then set by the computer to signify the transfer
may take place. The data highway gates are subsequently opened by the

peripheral setting the K line and completing the handshake sequence.

Data is consequently transmitted according to the setting of the

AQD lines.



268

If a Control Word (CW) has been requested it is sent via the data
highway, where upon it resets the AQD lines so that subsequent transfers
may take place %n the required mode. Further data is transmitted in
sequence until the computer issues the end of the data block, normally

by clearing the QM staticiser.

If the peripheral being used requires a program interrupt to occur
it does so in a manner similar to a data interrupt. The AQD lines are
set to 010 by handware to inform the computer that the next stage should
be entered. The function unit then reads store location 25, which should
have been loaded with the machine instruction 7000 O O which instructs
the computer to store a link and load the instruction address register
NO with the Interrupt Program Address (JA). The Status Word (SW) is
passed from the peripheral along the data line to the computer, its

structure being dependant on the peripheral.

Comments

K Each channel has three External Q staticisers associated
with it, known as the QS, QM and QF staticisers. These Q staticisers
are additional to the Internal Q staticisers. The operation and the

use of both types are defined in the Fixpac Manual (Ref, 61 ).

I The control Word (CW) :- This word contains the information
required to select the peripheral, if the (PCU) serves more than one,
set up the required operating conditions of this peripheral and defins
the next type of transfer i.e. it may set the next state of A,Q and A.
Its address is held in the Control Word Pointer (CP). During the data

interrupt the address in the (CP) is indexed by unity.

3. The address of the location where the next item of data is
stored in the Data-Word Pinter (DP). During the data interrupt the

address is indexed by unity.
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4. The location which is loaded with the start address of an
interrupt program or subroutine associated with the channel is called

the Interrupt — Program Address Word (IA).

®

De Status Word (SW) contains the information conncerning the
success or failure of the data transfer and then pass it from the peri-
pheral to the computer. Details of other uses of (SW) can be found in

Fixpac Manual.

Signal Name Source Use

S Transfer Select | computer To put peripheral on-line

M Transfer Engage | computer To start computer initiated
transfers

A Address peripheral

Q Qualifier peripheral To define the type of t¥agsfer
required

D Direction peripheral

R Cycle Request peripheral | To request a data transfer

J Handshake computer

To cause data to be transferred
K Controls peripheral

Table (G-1): The Control Line To a Peripheral (Ref 20).

AQD Use

000 Data In to Computer

001 Data Out of Computer

010 ' Programme Interrupt

011 . Control Word Out cf Computer

Table (G-2): The function of the AQD lines:
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G~2 The Real Time Clock :—

The Real Time Clock (R.T.C) was built
by D. Spreadbury (Ref, 76 ) and the information given here is that

. concerned with the software.

G-2-1 The Mode of Operation :-

The clock work in one of the three
modes.
The Request Mode, which returns to the computer a data word T,

representing the time elapsed since the last such request.

The Interrupt mode, which uses a data word supplied by the computer,
initiates a Program Interrupt at the time interval as specified in the

data word.

The Trigger mode, which is similar to the interrupt mode except
that a trigger pulse is supplied instead of a program interrupt being

initiated.

Each time the peripheral performs the required operation, the

clock is reset to zero and commences to count at the specified rate.

G-2-2 The Control Word :-

The Control Word is used to specify the

mode of operation (m) and the range of the clock (r).

m is a 2 bit word, when the clock is reset by setting m to 00, the

three modes of operation are terminated without subsequent transfers.

r is a 4 bit word which represents a positive number used to define
the range or time represented by the maximum value of the data word.

Thus the Elapsed Real Time (E.R.T) is given by equation (G-1). For r
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set to zero, the clock counts in intervals of 0.5 us
E.R.,T = T x Zr seconds s aaene (G-l)

where T is a fraquation.

G-2- 3 The Data Word :-

The Data Word is a 24 bit word which contains
the information to, or received from the peripheral (the status word
transmitted by peripheral during a program interrupt is the data

word T).

G-3 The General Input/Output Unit :=

The General input/output unit
(GIPOP) unit performs two functions in a computer system that requires
slow signal transfers between a group of peripheral devices and the
computer. The primary function is to provide a common peripheral
control unit (P.C.U) for the peripheral devices with the unit using a
cyclic scan sequence to service each device in turn. The cyclic scan
determines the order in which the devices are serived and also allows
each device to request as many transfers are needed to fulfil its servic-—
ing requirements. The second function of the unit is the full conversion
of the peripheral's signal group to the computer's Standard Interface
word format,when data is transferred from a peripheral to the computer,

or vice-versa,

Each scan is initiated either by the computer or by a single
peripheral master control-signal and the first transfer in each scan
is a test word to the computer. If a device requires more than one
transfef to satisfy its servicing needs, it generates to halt the scan

until all of its transfers have been completed, the scan is then restarted
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and selects the next device to be serviced. The scan can be halted,
after any number of transfers, by a program interrupt being requested.
When the interrqpt has finished, the scan recommences from where it
was halted. At the end of each scan, a mandatory program interrupt

is requested and an "Output Data Available" signal is provided.

G-3-1 The Digital to Analogue Converter :-

The converter uses a 16 bit
input register and treats this as two 8 bit words to give two analogue

outputs with a swing of % 5 volts.

G~3-2 The Analogue to Digital Converter :-

This converter is of the
guccessive approximation type, with a conversion time of less than 30 us.
The input signal, which should swing between #* 10 V, is converted to a

10 bit binary number.

G-4 Computer Programmes :=

Programme No.l

This programme basically consisted of a number of
subroutines joined together to form the Master Programme. Some of
these subroutines (i.e. S600 and $5535) with the Master programme are
shown below. The programme used to ;

1. Set up the computer ready to receive data in two different
modes
a) Auto Mode:- The computer will gemerate the required
signals and sample them according to the number and the sampling rate

specified by the programme.
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b) External - Triggering Mode:- The computer starts taking
sampled data from an external prepheriel (i.e. A/D converter) as soon as
the latter is triggred (i.e. by a nagative going edge pulse) and the

pulse generater, providing sampling frequency, is on.

2 Instruct the computer to stop taking sampled data after a

certain number specified by the programme itself.

3. Fourier transform the data and output them in real and imagi-

nary forms.

4. Plot the real and imaginary parts on either required linear or

longarithmic scale.
5. Calculate the power spectrum and the Amplitude spectrum.

6. Calculations can be carried out in either single length float-
ing point or single length fixed point depending whether the subroutine
56006 or S6007 is called during the claculations respectively. The
computation time required for 1024 point transfer is 1.48 seconds for

the first and 1.36 seconds for the latter.

However, the programme requires a data storage area which must be

at least 3N words, where N = 2" and m is an integer.

Since no shifting of the data word is carried out, no accuracy is
lost as a result. However, the overall programme accuracy is still

determined by that of S421 (quoted by Ferranti as & 1079y,
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V=05 N1+1

C1GIVNI=UNT /VRD, SLF

V2=y2+1,8N141
“16,UB~-V14<0D
N1=UND,U2=VUN]
A5 6001

Vi3=GIT Ve,
Vili=NT+1

V"4=ﬂ -
V=0
(171V3=V2~1
V5=0
Cl81«19,V4LU523#0
VTILV31=0

<20
C191V7LV31#0
L201«21,V3=0
VU3=U3-1

18, US=US+1#0
[211V6=V4+1
«23,VL=-UT7>0
V9=U11+V4

Nl =V0
V10=V11+U7 .
Ne=Uli,Ul2=UN2
UN2 =M1
UN1=V12
V9=00+U13
Ni=V9
V1io=V10+u13
N2=U10,V12=UN2
VN2 =N
UNl=u1l2

(23 1«22,U6~013>0
“17,Vi=Ua+140
C221N2=UN3
V0=V, N3+1

Nl =UN3

V0=V, 341

‘COSINE®

"TEST FOR BIT SET!

‘CLEAR BIT!

CSET BIT®

*FINISHED TEST??

‘NO¥ INVERT REAL DATA®

'NOW INVERT INAG. AREA"
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"'Ia
MDD,

5

G066 0O
DISCHRETE FAST FOiURIER '1‘1m;\'.~5r~"0;-:>a IN FLOATING FOIRNT
BY HKed«1POCENELLS )

N
CHECK SPCED OF FIXED PT. ANGLES K.J3.Pe  15/07/71.
U
C=1
4140
N3=192
01=0
V1=0
N1=UND
ASG00D
N2=VUNO y
ASE000 :

V19=0,6667,N2+1
[2) v20=u19

<=5421,0
VN1=V20
UN2=U21
V1=V141

<~ 2,V1-10000<0
STOP 31
END 1 ; . :
: :



—— e e,
R

L0 1

N
55535  TO CONVERT X-AX1S.TO LOG SCALE & FORM SLF X=Y PAIRS
IN 515500,3100 FOR PLOT 3Y VLU/CP. Tail 21/7/76;

U

Vii3=v23,M3-1
STK YN3,5,4
STK YN3,21,3
YN3=N1,N3=1

YiNg=N2,N3~1

V19=4

TEXT 1P1E 4

2Y~DATA IN FLT PTe. YES(1) 0OR NC(O)
TEXT 12 ’ ¢
ISTART ADDRESS OF Y-DATA
TEXT 1E

740, OF Y~DATA POINTS
V19=3

V23=)

«5100

V)“V?T

V350 IF DATA IN FLT.®
«5100

yo=v2i

Bele Or’Y—DATA‘
«5100 V21=:0 OF Y-DATA POINTS”
N2=YNO

A$15500,3100

N1=V5

VZ2=~y21

V=]

FLT V440

Vi=v4

[IJV?O V5

«35339 “SLF LOG?

YN 2=V 20

Yo=V0,N2+1

*E,Vjﬁa

FLT VN1+23
[2]VN2=yiT, N1+
VO=V0O,N2+1

V5=V5+V 4,SLF

«1,V2=V2+1<0
V19=4

TEXT 1P1E

DATA NOW 1IN $15500,31001n SLF (LOG X)-Y PAIRS

N2=yN3
VO=V0,N3+1
N1=VN3
VO=Y0,N3+1
LDK VYN3,21,3
LDK VN3,5,4

V23=VN3,N3+1

=l

EMD

Z

S

3:35

S )3 T CON .\""r’m )\"'J‘\KI-J T Loq S\_!‘\'!
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Programme No.2

This programme was writeen in "FORTRAN" language using the
avaliable Fortran compilation facilities. It used to
a. Generate the ideal low-pass filter response to the step

function Si(wct), see chapter (4), using both equations state below:

‘ %3 x5 i
Si(x) = x - 737 + TET T ceees for x = wct <12
and
. T b it 5% 4 0F 3l 4!
Si(x) = 7 (-}-c—,_- ;{34‘—}{-5...) su‘i-(-}?- ‘}—{’r+;5'...)
cos X to x > 12
b. Calculate the function G(mct) (i.e. G(wct) = 1 +-E-:'r- Si

(wct) by dividing Si(x) by w and adding to it the value (0.5) for ecach

value of x.

Programm No.3

The values of the function G(mct) calculated so far in
programme No.2, where in floating point formate and in order to output

these values through the General Input=-Ouput Unit (GIPOP) via the D/A
b

converter they have to be in Fixed point formate. It is also desirable

to normalized these values (i.e. maximum = 5 volts and minimum = = 5 volts)
to suit the range of the D/A converter being used. Normalization was

done by dividing each value of the function G(wct) by the factor

(Max - Min)/2 and then multiplying it by (127) (i.e. 127 = 1111111).

This programme was written to satisfy the above requirements.
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Lo Blf Load - ey -y - - ‘
9‘-"TT'!T’.:' ",.l,...,"“ =2
) v 3, £, W A 3
e ke ) S H
- -~ = - - -
L s J w =y A5
—_— .
i
(Theesiin
Y A g e &
‘_~—.l
b P e AN y
l.'(-._1 - s raeel B I
J=lam,
- L]
S an?i
| ‘
"-...= F Bl Y

ShE ——
a"_(‘u.\- _:,T.._.‘,l O U o W B

J=FTAZ e - 2
AR=3/32 '
3S=53T4% ‘- - ¥
Y=LY+2
e .

P 141552554
21 2.3 T4 15 i
-8D
15 5
iy S R 33) SR
39 F o d SE124n) > 3
IF Pa512) 580 %0 3
AeX=0e1953 435405
80 TO 5
9 . A=A+J. 1333435431
5 CONTI5UE
STOP
END 2
A



CONVERT  'SaSeAL=RAWl 0/p !

F7iv49=4 -
TAXT 9P 1=
INPUT  2eel=

b 0 o

V23=)

«51 09

y1529

Hi=vaD

AS2

V14«3 1TV 21
[31v19=3

«51109

Vh=2

ELTVS5+0
V20=y20/y5,SLF
FIXN20+23
Vilt=y20
V15=y15+41,HH1+1
«3,V15-¥14<0D
el KV TP U I A P |
AS2

1 3 =V14
VA=Y 4

STK Vi3, 15,2
VN3=y12, 85-1
Vill=N1, N3=1

He=vi3
vi5=1

V4 A=viiq, N1+
V1i3=y14
V12=Vi1, Ni+1
V128V13=)

«1, V12-y14<0
+2, Vi2-¥13>9
[3] V15=v¥15+1
«4, ¥15-v15<3

V12=¥14
V13=v13/2, l¢
V14=v14/2, 1§
+0

ot

[ I

V15=y13=V14
Vi1i=v12+vis
Vi92=yi3+yni
+.00009
+0 '

e

21

22

?3

I3 MK

:LGﬁD FIRST VALUE & INC
INITIAL MAX = INITIAL
‘COPY NEXT VALUE .7
TEST FOR EQUALITE.
‘Juip 1F v42<HING
“JuHp TP ViI23NAN..

CoutiTe”
=MD OF DATA.

“HAx=M1) /2.1
¢ ‘ + MINGT

4 - - - . &
OYERFLOW PROTECT IO,

i i 8

i BlS
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” e e B Lo = o ™
T'il'—“." .‘:,v“l'.‘:k’.a'l-"‘f:'\.‘i ’:\'1='_3 .Ao \,"-lt}!:;..lt'
(5] Y=y 1=V 1 24 - “SUBTRACT ¥11.°
Vil=vi1/v12,Fo 75 DIVIDE DATA BY MORMALISING
¥ - »

Pon o - ¢
FACTOR

Y15=V 1541, N1+1 “INC COUHT & H1.” y
«5, V13=V15<0 : TEST FOR END OF DATA..

(1] Vid=y12 ‘UPDATE HIN VALUE.®

[2] V13=v12 ‘UPDATE MAX VALUE’

™%
55
LI 4

Vi3=yi3=2, 1 'R§STOR? MAY VALUE.”
V14=y14s2, 1 RESTORE MIN VALUZ.?
N1=Vi3
vO=¥),N3%+1
V12=vi13,N3+1
LDK YN3,19,2

Vi A=y g

N1=yND,V15=Vii1sYNT
AS2

(3] yN1=Vi1eViHD,F
127

v 1 J= ?

V23=38

«51
Vi3=V15+1,N1+1
«9,V15-v14<0
Vi9=4

y22=10

«5555%,5

«7

END
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Progranme No.4

This programme, shown below, was written to:

a. Set up the computer ready to receive the number of data, from
an external peripheral (i.e. A/D converter), specified by the programme

: m : :
in the form N = 2 where m is an integer.

Bis Access the function G(wct), see chapter (4), which was origi-
nally stored in the Disc store, into the computer store and output it
later through the GIPOP unit, via the (D/A) coverter, after being, fixed

point, and normalized (see program No.2).

Cs Set up the Real-time clock and specify the time required for

this real~time clock to output the function G(mct).

d. OQutpout, initially, a (- 5 volts) when bit (0) of the hand-

switch, (see Fig (F1)), is off.

e. Output the function Gﬁuct) as soon as the bit (0) set on and
sample the dielectric output response, due to the applying of the function

G (wct) at the same time.

£, Cyclicly shift the recorded data so that the start of the
data coincides with the centre of the edge of the input waveform. The
process can be realized as follows:— The first 128 out of 1024 data
will be transformed to locations 1024 to 1152. The entire waveform will
be then shifted 128 places to the left so that the data which was located -
in 128 will take place in location O and so on . The process will be
repeated and the cycle.is completed when the second 512 data replace
the location of the 1lst 512 data (i.e. 0 = 511 and vice versa (i.e.
1024 ~ 511)).

g.  Fourte: transform the cycliely shifted data and plotting
them either on a logarithmic or linear scale in form of real and imaginary

parts.
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Calculate the Power, Amplitude Spectrum if they are required.,
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N
Ce JeBUFFAMs, SeS<ALO-RAWI 2774/977:

LS 2500-2500,2500

«0

Q1#0
N3 =UN0
+83223 -
«54710
«S4580

V20«BITI10
V21=UN0
+10239
+52021.,1
«52021,6

ol Q140
N3=UN0
+23223

V20«BITI10
V21=UND
+10239
«52021.,1

~52021,6

£l V1i9=4
+5555,2

TEXT 1P 1E

ENTER COMMAND e

V19=5
«51020,1
AS10020
SJVio
ALl * ERROR"
AL2 'SET UP’
ALLS * START"
ALS ° *ABORT!
AL6 * END*
AL4 *SET TIME®
AL9 *FFT
ALL17 ' VDUCP*
AL7 *LOAD DATA®
ALL19 *pM1t
AL20 *pM2?
AL1S8 *EDIT®
ALL1 * SPECTRA?
21l va3=0
. V19=4
TEXT 1P
NO. OF TRANSFERS (TOTAL) 2%%M =
V19=5
«S5100

Ni=VNO.,VUNI=V21&V21
AS6000



£31

4l

TEXT 1P
INPUT M

TEXT 1P
INPUT FRACTICGONAL MULTIPLIERceecse

€51

(6l

€71

«3s
-1

-1

1

«1
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vVet=ung
AS15500
UN1=U20,N1+1

N2=UNO » UN2=UNZ#UN2
AS10001
UN2=V21 s N2+1
UN2=0,N2+1
UN2=0,N2+1

N1=UNO,V1I6=UN1#UNI
AS15500 °

UN1=0
V1e=U1l6+1,N1+1
V16-4096<0

V1i9=4

(V20 = 2%xM) =
V19=5

ve3d=g

<5100
ve«BIiTV21
Vio=4

V19=5
vas3=o
~5100
V3=v2l

~52021,6

V19=4
yee=10
555556

V19=4

TEXT 1P lE

TYPE THE VALUE OF N

V19=5

va23=0

«5100
V13«BIT Vai
N1=UNO
AS10000,~1
V19=3

vae3=p
V13=Vi3-1

WHERE 2#%*N = NO.

*ZERD FLAGS.'

'NO OF TRS.'

*ZERO REL POINTER. °
'ZERD NOe OF TRS COUNTe'
*ZERO COUNT."

*ZERD DATA AREA.!

*SET TIME.'

' STOP RTCs"

'*LOAD DATAS®

OF DATA TO BE READ.'
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{.ftj "f‘)}':fg
Ui=U21,81+1
8, VU13=U13=120
«1

(91 Nl=UNO"
AS1000151
V21 «BIT UNI
Ni=UNE
AS15500
-S6007 EET PIX PTY
V19=4
TEXT 1P 1E
FIX PT FFT IN 1STe. (REAL) & 2NDe C(IMAG) DATA AREAS.
Ni=UND
AS515500
TEXT 1P 1E
PLOT REAL PFART
«]13:L
V1ig=4
TEXT 1P 1E
PLOT IMAGINARY PART
(10)«10-N1=N1+V21<0
«13,L
-]

o I B N1=VUND * SPECTRA'
AS1000151
V2l«BITUNI
N1=UND
AS15500
+=55533 *POWER SPECTRA IN FLT POINT
V19=4
TEXT 1P 1E
FLT PTe POWER SPECTRUM IN 3RD. DATA AREA.
(121 v21=v21C1),L . LE -4
«]12,N1=N1+V2]1<0
va2i=valiCfl1lsR

«13,L
~55534
V19=4
TEXT 1P 1E
FLT PT AMPLITUDE SPECTRUM IN 3RDe ATA AREA.
«13:L
-]
(131 UN3=V21 s N3~-1 CINT SUBe®
V1g=4

TEXT P 1E
IS LO3-SCALE X~-AXIS REQUIRED? YESC!) OR NOCO).
V19=5
va3=0
«5100
«14,V21=0
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=8S5535

£14) VE2l=UN3,N3+1
«S4580, 3
«L,

“

151 vao=9ve
vel=Vu3
va2z=UN0
AS520195
~52021,2
«52021,4

N1=UNO
AS10001
[161+«5s Q5#0
«16,VUNIL01=0

~52021,6
1
E3T N1=UNO
AS10001,1
V21«BIT VNI
N1=UND
AS515500
¥ «S54580,3
-1
£181) «55814
-]
£19] +0
+0
N1=UND
AS10001 1
V2l «BITUNI
N1=UND
AS15500
VO=N1]
Vi4g=N1+V2l1

Ne=V14,V15=UN2F#UN2
[211UN2=UN1>N1+1
Vi5=V1l5+1,N2+1
«21,V15~128<0
Ni=V9,VU15=UNI1#UNIL
Vo9=y9+128
N2=V9
[22IUNI=UN2,N2+1
ViG=V15+1,Ni+1
22,V15-021<0
Ni=Vi4,Ul5=UN1#UNI
[(231VNl=0
VI5=U15+1 sN1+1
«23:V15-256<10

+0

+0

+0

* START!

*SET INT®

' SET M°

¥*STOP RTC?

*VDuCP*

YEDIT?

*DM1°
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§2015 CedoB RTC: IT PGes

U

g2=0

STK: YN3,23, 4

YN3=V12,N3=1

VN3=V9,N3-1 «

VYN3=N2 ,N3~1

VYN3=N1,N3=1

N1=VNO,V12=VN1&VH1

As10001,2 - ‘REAL POSITION IN OP DB’
N2=YNO

AS2001,11 ‘GIPOP DAC’
«1,N1=N1-2<0

v20=VYN1

N1=VNO

AS10000

Vo=V 24

«1,V20[5]#0

«6,Y9[0]#0 ‘LOAD OP DATA’
YN2=YN1 ’

«52002,0 ‘OUTPUT

«3
[1]«4,v12~-256<0

V12=255

[4]V12=V12+1

«4,N1=N1+V12<0

VN2=YN1

N1=VNO,VYN1=Y12&V12

AsS10001,2

«10

[6]N1=VYNO

AS10001

VH1[5]#0

«10,N1=N1+2<0

[10]v23=0

V23=YNO

AS2016

V22=YN0,N1-1 h

A$10001,4 , _ADC 2uORDS DB’
v22[23]%0 SET FOR AuTO’
V21«3 1T VN1 ‘NO OF TRNS®
V20=VNO+V12

A$15500 ‘DATA AREA’
«5,N1=N1+2<0

«5,VN1=vV21<0 TEST TO SEE IF ADC TRS COMPLETED’.
«5,N1=N1=-3<0

YN1[0]#0

V20=VYNO

AS15500

«55514 ‘CONTRAL ADC DATA’

«3

[5]VN1=VNT+1 ,

«~52002,0 ‘OUTPUT TO GlPop”’

V21=1

«5, N1=N1-3<0

¥YN1[2]=0

«35511 “INPUT FROM ADC’

: [9]«9,¥N1[2]=0 ‘WAIT FOR ADC INTERR’
N [3]N1=vN3 : '

N\ VO=V0, N3+



)
A=

N2=Vh3
VO=V0, N3 +1
VO=VN3, N3 +1
V12=V}N3 N3 +1
LDK ¥N3,23.4 .
“L

END

Z

S
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