









































is for the molecule to split into two (less frequently
more) fragments which, most often though not
invariably, are single atoms. The products of this
process are not, however, neutral atoms. On the

contrary, one atom retains not only those electrons -

to which it is entitled but also a sufficient number of
extra electrons to completc its outer electron shell.
This, therefore, will be a negatively charged ion.
Conversely, the other atom (if there are only two
fragments) will be left with less-than its normal
complement of electrons and will be a positive ion.

Ionisation of this kind can arise from many
different causes. In general, any agency which can
sufficiently increase the internal molecular energy can
cause the molecule to break up into ions. This effect
can therefore be produced, for example, by heat or by
exposure to ultra-violet light, X-rays, gamma-rays or
cosmic rays. lonisation occurs most readily, however,
due to collision with particles having high kinetic
energy, e.g. high-speed electrons or B-particles, ions
moving rapidly under the influcnce of high voltage
gradients or a-particles.

Breakdown Phenomena.

One of the properties of a perfect insulator would,
of course, be no conductivity whatever. This ideal is
never attained in practice though, as will be seen later,
close approximations to the ideal do exist. Hence,
when a small electric field is applied to an insulator,
a very small current flows. If the field is increased so
also is the current, more or less in the same proportion
at first, then less rapidly. With some materials,
particularly gases, a period of saturation (i.e. constant
current) ensues. As the electric field is steadily
increased furthér the current begins to rise again,
with increasing rapidity, and a stage is rcached where
the resistance of the insulator suddenly falls to a low
value and the current increases enormously. The
current flows in the form of a spark or arc and, in
short, the insulator is punctured or broken down.
The critical electric stress—expressed in volts per cm.
or volts per mil.—at which this phenomenon occurs
is termed the electric strength of the material in
question. .

An ecntirely satisfactory explanation of the
mechanism of electric breakdown, particularly in
solid insulating materials, has not so far been devised.
Several important relationships, theoretical and
empirical, have, however, been established. In the
following sections of this article some of these will be

briefly considered in relation to the various classes of -

insulating material.

Gases as Insulators.

Substances which are gascous at ordinary tem-
peratures and pressures have molecules which consist
of only a small number of atoms, and the mean
separation between molecules is very large compared
with the molecular diameter. From the energy
standpoint molecular interaction is therefore negligible
and the clectrons occupy widely separate, discrete
cnergy levels. Thus, even if gaseous substances had
free electrons, there are no incompletely filled energy
bands in which acceleration of electrons could take

place. Electronic conduction, in the sense in which
the term is used to describe metallic behaviour, is
therefore absent.

For many years, in fact, gases were believed to
have no conductivity whatever. With increased
refinement of experimental technique, however, it
was shown that gases did conduct and that the
conduction was ionic. Nevertheless, at ordinary
temperatures and pressures, only a very small fraction
of the total number of molecules present in a gas is
ionised by any combination of the agencies previously
mentioned, and even the ionic conductivity is very
small indeed. Normally, therefore, of all materials
the common gases are the most nearly perfect non-
conductors known and approximate very closely to
the theoretical ideal. It needs only a moment's
reflection to appreciate how, probably largely un-
consciously, both power and communications engineers
have exploited this very fortunate dispensation of
nature.

The most obvious drawback of gaseous insulators
is the complete absence of mechanical strength. In
consequence the usc of some solid insulating material,
though electrically inferior, is unavoidable for
positioning the conductors. Apart from this it is
only at high voltages—as in power transmission lines,
X-ray equipment, etc.—or at high voltages combined
with high frequencies of alternation—as in radio
transmitters—that any other limitation of gaseous
insulators becomes seriously apparent. This limita-
tion is the liability to various types of discharge and
breakdown. Even so there is the compensating
advantage that the discharge ceases if the voltage is
sufficiently reduced and the gas is, of course, self-
sealing and cannot therefore be permanently damaged.

Though many points of detail regarding the
mechanism of breakdown in gases await elucidation,
sufficient is known to justify a brief consideration of
the subject. At the surface of the earth it is extremely
difficult, even under laboratory conditions, to
climinate all ionising agencies entirely. In all gascs,
therefore, ions are normally being continually pro-
duced. At the same time ions disappear chiefly by
re-combination of positive and negative ions, and a
stage of cquilibrium is reached at which the rate of
disappearance equals the rate of production. \When
an electric field is applied to a gas some ions are with-
drawn to and discharged on the electrodes (becoming
then ordinarily uncharged atoms or molecules). If,
starting from a very low value, the field is stcadily
increased, the ionic current will also increase, at first
proportionately to the field, and then less rapidly.
Under normal conditions at fields of about 20-30 V
per cm. the current ceases to increase with the field,
i.e. saturation has been reached and the field with-
draws all the ions as fast as they are produced. Over
a certain range further increases in the field increase
the velocity of the ions without increasing their
number. Beyond this range, however, a point is
rcached where further ions are produced by collision
between the original ions, now moving with relatively
high velocities, and uncharged atoms or molecules.
The current through the gas again increases. If the
applied field is great enough the new ions may in turn
acquire sufficient velocity to cause ionisation by’
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Solid Insulating Materials.

There are many chemical and physical methods by
which the number of atoms in a gaseous molecule
can be determined with certainty. Such determina-
tions in liquids present greater difficulties and the
results must be accepted with some reserve. Pro-
ceeding further, in solids the most that can be stated
with certainty is the minimum number of atoms the
molecule must contain. For instance, when ordinary
sugar is dissolved in water there is no doubt that, as
revealed by its chemical formula—C,, H,, O,,—the
molecule contains 45 atoms. In solid sugar, however,
the nature of the ** physical *’ molecule is not known
with certainty. Such evidence as is available suggests
that it consists of several “ chemical "’ molecules in
close association. Fortunately, the electronic energy
situation in solids appears to be determined by the
smallest crystals in the body rather than by any
smaller unit of the structure, and even the most
minute crystal contains very many closely grouped
atoms. The energy situation can therefore (see
Part V) be represented as a series of relatively wide
bands. Leaving the metals out of consideration, in all
other pure substances there are no free electrons and
the energy bands are either completely full or
completely empty. Electronic conduction cannot
then occur. :

The presence of minute traces of impurities, how-
ever, may profoundly modify the staté of affairs and
may turn an otherwise good insulator into a semi-
conductor. On the other hand unavoidable impurities
or deliberately added constituents are harmless
provided that an empty band or energy level of one
constituent does not overlap or lie too close to a full
band or level of another. (For a more detailed dis-
cussion of these principles the reader is referred to
Parts V and VIa of this series of articles). Unfortu-
nately there is available far too little quantitative
data relating to the energy situations in solids,
particularly if these are not pure, to serve as a reliable
guide in the development of new insulating materials.
Progress has therefore been mainly on empirical lines.
Even so, present knowledge of the role of impurities
has at least indicated certain compositions that should
be avoided.

. The above remarks on the conductivity of solids
refer only to that part of the whole which is due to
electronic conduction.
however, ionic conduction can occur and a similar
mechanisn is involved, i.e. the current is carried by
moving charged atoms or molecules. Thus, in
general, apart from the actual power loss there would
be a change in the composition of any solid insulating
material in which appreciable ionic conduction
occurs. This is obviously undesirable—the more so
because many of the ions on discharge at the interface

As in gases and liquids, -

between conductor and insulator become substances
capable of attacking (corroding) the metal of the
conductor. In compounding a solid insulating
material it is therefore essential to avoid all ionic
conductors, the chief of which are the simple metallic
salts and many of the oxides and sulphides. A
further disadvantage of such substances is that
many are appreciably or even very soluble in water
and would tend to pass into solution in any film of
moisture deposited on the surface of the insulator.
In solution a much higher degree of ionisation would
be produced than in the solid state and the con-
ductivity would increase considerably. The un-
avoidable presence of traces of ionisable impurities is
one of the main reasons why many insulating
materials, such as ordinary glass, show a big
increase in surface leakage when exposed to
atmospheres of high humidity.

The general conclusion from the foregoing remarks
is that, as with liquids, high purity is one of the out-
standing requirements of a solid insulator and,
further, that the majority of the objectionable
impurities are inorganic. In view of these facts, and
having regard to the manufacturing processes involved,
it is not difficult to understand why some of the
most highly insulating solids are organic substances
such as paraffin wax and the newer materials, poly-
thene and polystyrene. Amongst inorganic materials
the best are those which, like quartz and mica, occur
naturally in a very pure state, and certain of the
ceramic insulating materials in the manufacture of
which it is possible to attain a high degree of purity.
In this connection it should be pointed out that the
demands of the electrical industry for insulating
materials of greater mechanical strength and resist-
ance to high temperatures have considerably stimu-
lated research into the properties of inorganic
insulators. Two out of the many interesting results
of this work which may be mentioned are the develop-
ment of wires insulated with glass fibres for use in
machines operating at high temperatures and the
production of fireproof cables in which the whole of
the insulating material is a compressed refractory
material such as magnesium oxide.

Nothing has been said so far on the question of
breakdown in solid dielectrics. The subject is
obviously one of great technical importance and has
attracted a great deal of attention from research
workers. Unfortunately, however, the difficulties
encountered, both theoretical and experimental, are
formidable, and little success has been achieved
except for single crystals of a few simple, pure
substances. All that can be said with confidence so far
is that, as in other types of substance, some process of
cumulative ionisation is involved though the precise
mechanism of this process still remains obscure.
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