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PREFACE

THE theory of the action of an induction coil, or that of any
other form of oscillation transformer, is essentially a theory
of the transient electric currents set flowing at some sudden
or very rapid change jn the circumstances of one of a pair
of coupled circuits. The preciéé.manner of variation of the
currents depends upon the method by which they are started,
but generally in inductive circuits it takes the form of two
superposed oscillations which gradually die away while the
system is adjusting itself to its new conditions. In many cases
the currents, besides varying with time, are also variable along
the wire owing to its distributed capacity—a fact which is too
often overlooked, with the consequence that erroneous state-
ments are sometimes made regarding fundamental matters,
such as, for example, the law of electromagnetic induction
which is discussed in Chapter I. .

The book contains a less detailed and more descriptive
account of the action of induction coils than that given in the
Theory of the Induction Coil published eleven years ago. All
the essential features of the theory are, however, retained in
the present account, and free use has been made of portions of
the earlier book where they appeared suitable for the purposes
of the present one.

As in the former book, oscillographic records are used largely
to illustrate the subject, and many new examples are here
collected, including some, in Chapter III, which illustrate the
relative merits of coils and transformers as generators of high
potentials.

In using an induction coil or other generator for some prac-
tical purpose, it is important to understand the nature of the
function which it has to perform. One such duty, for which
induction coils are in general use at the present time, is that
of producing ignition in motor-car engines, and an account
of this subject is accordingly given in Chapter VIII, with a
discussion of the relative effectiveness in ignition of different
types of induction coil spark.

v



vi PREFACE

The induction coil has recently proved to be a very suitable
generator of cathode ray beams for the study of electron
diffraction phenomena, and a description of experiments by
this method is given in Chapter VI.

At the present time much use is made of the sustained
oscillations of coupled circuits, especially those in which the
amplitude is kept constant by the action of a triode valve.
There is an important difference between such maintained
oscillations and the transient vibrations which follow a sudden
alteration of the circuit conditions. In the latter, both com-
ponent vibrations are usually strongly in evidence together,
but in the oscillations maintained by a valve only one of the
components is usually present, and it is only in very special
circumstances that both oscillations can be maintained simul-
taneously. This question is discussed in Chapter IX, in which
the conditions for the maintenance of one component, or the
other, or of both together, are explained.

The author wishes to thank the Editors of the Philosophical
Magazine, The Electrician, and the Journal of the Rontgen
Society, for their kind permission to use articles and illustra-
tions which have been published in those journals.

Much of the experimental work described in the following
pages was carried out in the Physics Laboratory of the Uni-
versity College of North Wales, Bangor, and in the Natural
Philosophy Department of the University of Glasgow. To the
Council of the College and the University Court of the Uni-
versity of Glasgow the author is much indebted for the facilities
which they have given him for engaging in this work.

Grascow, 1932,
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INDUCTION COIL
THEORY AND APPLICATIONS

CHAPTER 1
TRANSIENT ELECTRIC CURRENTS IN INDUCTIVE CIRCUITS

THE induction coil is one of a number of arrangements of two
coils, called the primary and secondary coils, for producing
high potentials by means of transient electric currents. In
these arrangements the currents are set going by effecting some
sudden change in the connections of the primary circuit,
as by breaking the circuit and therefore interrupting the cur-
rent at a point, or by allowing a condenser to discharge across
a spark gap in this circuit. In the induction coil and the high
tension magneto the former method, in the Tesla coil and the
o-transformer the latter method, is employed for producing
dleOﬂtlIllllﬁy which gives rise to the transient effects.

0 The action is analogous to that of an air-gun, to which energy
is supplied by compressing the spring, and in which this energy
is released by pulling the trigger. In the induction coil energy
is supplied by the battery in the form of magnetic energy of
the primary current. When the current is interrupted at a
point this energy is released into the two circuits of the coil.
The manner in which the energy becomes distributed among
the parts of the system during the transient period after
“break ”’ depends greatly upon the capacity of the condenser.
which is usually connected across the interrupter, and which
should be adjusted so as to produce the most effective results.
In the Tesla coil the energy is supplied as electrostatic energy
of a charged condenser in the primary circuit, and the spark
effects the sudden release of this energy into the circuits.

In all these arrangements the secondary coils, being made
of great lengths of wire, have considerable electrostatic capacity
without the addition of condensers. All have, therefore, cer-
tain features in common, viz. in each of them the primary

1



2 INDUCTION COIL

and secondary circuits both contain self inductance and capac-
ity, and the primary and secondary coils act upon each other
by their mutual magnetic induction, that is, they are mag-
netically “coupled.”

Each of the systems we are considering consists, therefore,
of a pair of coupled oscillatory circuits, and the transient effects
produced in them usually consist of two superposed electrical
oscillations, differing in frequency and amplitude, which com-
bine if circumstances are favourable to produce the required
high potentials. Such systems are known as “oscillation trans-
formers,” and the theory of their action is an application of
the general theory of electrical oscillations in coupled circuits.
This theory covers most of the cages, even those in which the
coils are wound on iron cores, provided these cores do not form
closed magnetic circuits. 1f the cores are closed, the induc-
tances cannot be treated as nearly constant, and the dissipative
forces, which cause excessive damping of the oscillations,
are not subject to simple laws, so that the theory requires
modification.

The action of oscillation transformers is very different from
that of the ordinary transformer which, as generally used, is
supplied in a continuous manner with alternating current from
an external source, and in which no interruption or other
discontinuity of action occurs. 1t is true that oscillation trans-
formers can be excited by supplying them with alternating
current from an A.C. generator or a triode oscillator circuit,
and certain interesting effects are obtained in this way (see
Chapter IX), but their usual action consists in the play of
their free or natural oscillations which die away more or less
rapidly in accordance with the damping forces of the system.
This free movement of the electricity in the system, which is
supplied with energy and then left to itself, is one of the prin-
cipal features of the action of induction coils and the other
forms of oscillation transformer which have been mentioned.

Electrical Oscillations. The theory of electrical oscillations
in a single circuit was first given in 1853 by William Thomson*
(afterwards Lord Kelvin), who showed that if the plates of

* Phil. Mag., June, 1853. The theory was first cstablished for a system
consisting of a single conductor connected by a wire with the earth.



ELECTRIC CURRENTS IN INDUCTIVE CIRCUITS 3

a condenser of capacity C are initially charged and are con-
nected by a wire of resistance R and self inductance L, the
electricity will oscillate to and fro in the circuit with a frequency
given by the expression

__1A/1 R .
—_;T -L—O 4"1;_2 . . . . . . ()

which reduces, if the term R?/4L? is small in comparison with
1/LC, as it is in many cases, to the well-known simpler ex-
pression

n=1/2zVLC . . . .. (@)

It was also shown by Kelvin that the oscillations die away
at a rate depending upon t#te value of R/2L, which is called
the damping factor of the oscillations. The expression for the
potential difference V' of the plates of the condenser at any
time ¢ after the oscillations begin is of the form

V = Ae Ml gin (2mnt - 0) . . . . (3)
the constants A and 0 dependmg upon the lllltldl conditions,
i.e. upon the manner in which the oscillations are started.
The current ¢ at any time can be found from the above ex-
pression for V by the relation

z-—CC-l-K . . . . . . . .4

which expresses that the current in the coil is equal to the
rate at which the charge of the condenser is increasing.

To apply these results to a particular problem, let us suppose
that the circuit is provided with an interrupter I (Fig. 1),
which has a condenser of capacity C connected to its terminals.
Initially, the circuit is closed at I and a current 7, is maintained
in it by a battery of EM.F. E. At a certain moment ¢ = o,
from which time is reckoned, contact is broken at I so that
the current is interrupted at that point. The current in the
coil, however, does not experience any sudden change, but
continues to flow now into the condenser, which becomes
charged as the current in the coil gradually diminishes to zero.
When the condenser has reached its maximum potential, it
begins to discharge back through the coil, the current in which
is now reversed. In this way, the current is caused to oscillate



1 INDUCTION COIL

n the circuit, its amplitude gradually diminishing owing to the
lissipation of energy arising from the resistance of the circuit.
The equations for the circuit are

L%+Ri+V=E’ . . . . . . (8)
. av
1=0C Et—
ind the initial conditions of the problem are
t=1, V=o0,whent=o0 . . . . . (8)
L

— VYV N—

oo Mull——

F1g. 1. OsciLLATORY CIRCUIT WITH
BATTERY AND INTERRUPTER

It can be shown that the complete solution, giving the poten-
iial difference of the plates of the condenser at time ¢, is

V=E -+ Ae ®Lgin (2nnt - 60) . . . (7
1 (i, ER\?
2 _ 2 2
wvhere A2 =F —{—4 2(0 2L>’ ) . . . (8)

1 R
tan 6 = 27m/<R—O - 2—L—)

ind the frequency 7 is given by equation (1). The transient wave
f potential, i.e. the oscillation, is represented by the second
serm in (7). This dies away in accordance with the exponential
‘actor, and in the final state the condenser is charged to the
sonstant potential E, the electromotive force of the battery.
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If the resistance of the circuit is very small the EM.F. E
should also be small, otherwise the steady current ¢, would
be extremely large. Neglecting both E and R therefore in the
above expressions we find § = O, and

i, .
= 2 . . . . . .
| 4 S0 B nt, (10)

the frequency » being now given by (2).
As another problem of this kind we may consider the excita-
tion of oscillations by a spark produced between the electrodes

L

/ -0 O \
Fic. 2. OsciLLATORY CIRCUIT WITH SPARK GAP

of the spark gap G (Fig. 2). The equation for the circuit is
now equation (5) with ¥ = O, but the coefficient R now in-
cludes, in addition to the resistance of the metallic portion
of the circuit, a portion depending upon the conductivity of
the air gap G through which the current in the spark is con-
veyed. The initial conditions are

V = V,, the sparking potential of the gap,
t=o0,whent=o ’

(11)

The solution is found to be

R )
ey 4 sin 2mnt . . (12)
The transient effect on the potential in this case is an
oscillation of frequency n given by (1), and of initial amplitude
equal to the sparking potential of the gap. This method, in

V="V,e R"”‘(cos 2mnt -+
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which the oscillation is started by a spark,is one of the most
convenient for producing high frequency oscillations. If the
self inductance L is 0-005 henry, and the capacity C is 0-002
microfarad, the frequency is about 50,000 oscillations per sec.
It may be remarked that if in such a case the spark is produced
by means of an induction coil connected to the spark gap ter-
minals, the presence of the coil has practically no effect on
the high frequency current. The self inductance of the second-
ary of the coil is so great that no appreciable fraction of the
high frequency current passes through it.

From the solution for V in any such problem the value of the
current ¢ at any time during the oscillation can be found by
the relation 7+ = C(%/‘

Electrical Oscillations in Coupled Circuits. Turning now to
the question of the electrical oscillations in a pair of coupled
circuits, each containing self inductance and capacity, we find
that since any variation of the current in one circuit induces
an E.M.F.in the other, the current in each circuit will oscillate
with two frequencies which will in general differ from each
other. Further, since the inductive E.M.F. in each circuit de-
pends upon mutual as well as upon self inductance, the fre-
quencies of the two oscillations will not generally be the same
as those which the circuits would have if they were removed
from each other’s inductive influence. In other words, the
frequencies of the two oscillations in each circuit depend upon
the self inductances of both circuits and also upon their mutual
inductance. The expression for the two frequencies, in the case
when the resistances are negligible, was first given by Oberbeck.*
If the self inductances and capacities of the primary and
secondary circuits are distinguished by suffixes, the mutual
inductance is denoted by M, and the ratio M?/L,L,, known as
the “coupling” of the circuits, is written k2, the expression is

8mn? — _I_[h_l_ b iN/{(L _ L)z
T 1-relLc, T LG, L0, L,C,

sk
_k O T
+ Lloleczg] (13)
* Wied. Ann., 55, p. 623, 1896.
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We will denote the greater of the two frequencies by n,,
the smaller by =»,. It is convenient in many calculations
to represent the ratio L,C,/L,C, by a single symbol. Call-
ing this %, we find for the ratio of the squares of the two
frequencies

n% 14w A4 /§(1-u)? 4 4kPu}
ne L+ u—/§(1—u)? -+ 4k%u}

It is easy to verify that the frequency ratio n,/n, is smallest
1k
1-k°

It appears from these expressions that the two frequencies
of oscillation of a coupled system, in which the resistances are
small, cannot be equal, and that the ratio of the frequencies
ny/n, has a minimum value determined by the coupling. If
the coupling 42 is 0-36, the smallest frequency ratio is 2, if
k? is 0-64 the smallest ratio is 3, if k2 is 0-779 the least ratio
is 4, and if £? is 0-852 the minimum is 5. In a coupled system
the frequency ratio can be varied over wide limits by changing
one or other of the capacities C; and C,, but the ratio cannot be
less than the value V/(1 - &)/(1 - k) which it has when u = 1,
i.e. when L,C, = L,C,. The relation « = 1 is the condition
that the two circuits should have the same frequency of
oscillation when they are separated from one another. We
conclude that two circuits which have the same single frequency
when separated have the same two frequencies when brought
near each other so as to have a certain coupling, the ratio
of the frequencies being the minimum for this coupling. One
of the frequencies is greater, the other less, than the frequency
of the circuits when separated. If the frequencies of the separ-
ated circuits are not equal, that is if L,C, is not equal to L,C,,
then one of the frequencies of the coupled system is greater,
the other less, than both of the separate circuit frequencies.
In other words, in any magnetically coupled system in which
the influence of the resistances on the frequencies is small,

neither of the two frequencies lies between the values 1/27V L.,

and 1/27V/L,C, ; one frequency is greater, the other less, than
both of these values.

(14)

when u = 1, its value then being equal to
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There are many mechanical systems which possess similar
oscillatory properties. A pair of simple pendulums, one sus-
pended from the bob of the other, oscillate with two frequencies,
which differ from those which the pendulums have when sus-
pended independently. A weight suspended by a spiral spring,
with another spring and weight attached to it, is another such
system, each of the two weights making vertical oscillations
of two frequencies. Another example is found in a pair of
pulleys capable of turning on a fixed horizontal axle, the rota-
tion of each pulley being controlled by a spring. An endless
cord passes over both pulleys and carries in each bight a loose
pulley supporting a weight. It was shown by the late Lord
Rayleigh* that the mutual action of the two pulleys of this
system is very closely analogous to that of two magnetically
coupled circuits. All such systems consisting of two coupled
oscillators and, therefore, having two degrees of freedom,
whether they are mechanical or electrical systems, and what-
ever be the nature of the coupling between their parts, have
frequency relations similar to those just described.

Circuit Equations. In forming the circuit equations for an
oscillation transformer, we must bear in mind two circumstances
which have the effect of rather complicating the problem. The
first is the fact, already mentioned, that the terminals of the
secondary coil are not usually connected with a condenser, and
that the capacity of the secondary circuit is mainly if not en-
tirely the distributed capacity of the wire forming the secondary
coil. In many cases, both terminals of the secondary coil are
insulated, and in these circumstances the current in this coil
during the oscillations is greatest in the central winding and
zero at the ends. The distribution of the current in the coil
is analogous to that of the velocity in a stretched vibrating
string sounding its fundamental tone, the motion being greatest
at the centre of the string and zero at the ends. Employing
a notation first used by Drudet we shall represent by %, the
current in the central winding of the secondary coil, and
by V, the potential difference of the terminals of this coil.
The secondary capacity C, is a capacity determined by the

* Phil. Mag., XXX, p. 30 (1890).
t Ann. d. Physik, 13, p. 512 (1904).
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size and form of the secondary coil and defined by the
equation—

. av
1 = 02 —df.

It may also be defined as the charge distributed over one
half of the secondary coil and the bodies connected with its
terminal divided by the difference of potential of the terminals.

The unequal distribution of current in the secondary wire
has also other effects. The self induction of the secondary coil
during the oscillations is clearly smaller than it would be if
the current had the value i, in all parts of the coil. Again
following Drude, we define the self inductance L, of the second-
ary coil as the magnetic flux through this coil due to the current
in it divided by the current ¢, in the central winding. The elec-
tromotive force of self induction in the secondary coil is, there-

diy
Pt

Further, the inductive effect of the secondary current on
the primary during the oscillations is smaller than it would
be if the current were uniformly distributed and equal to ¢,.
The inductance of the secondary on the primary, L,,, is de-
fined as the magnetic flux through the primary coil due to
the secondary current divided by the value of this current in
the central winding. The induced E.M.F. in the primary due
to variation of the secondary current is, therefore, represented

fore, represented by L

d
by Ly, ﬁ In the primary circuit, which is associated with

a condenser of large capacity, the current may be regarded
as uniformly distributed along the wire. The self inductance
L, of the primary circuit has, therefore, the usual meaning,
and the inductance of the primary on the secondary, L,
is equal to the mutual inductance of the coils as usually
defined.

The coupling k% of the two circuits is defined as the ratio
Ly L,,/L,L,. 1t is found by experiment that the coupling of
the two circuits of an induction coil is appreciably smaller
when the coil is used without a secondary condenser than it
is when the secondary terminals are connected to a condenser

2—(5729)
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of considerable capacity, in which case the secondary current
can be regarded as uniformly distributed.

If one end of the secondary coil is earthed, ¢, should be taken
as the current at the earthed end. The same symbols may
be used, but the values of the capacity and induction coefficients
will differ from those which they have in the symmetrical
arrangement in which both terminals are insulated.

The other complication arises from the fact that electrical
oscillations in a coil are subject to decay due to other causes
than the ohmic resistance of the coil. These causes are : (1) Core
losses (eddy currents and hysteresis) in systems having iron
cores; (2) leakage between the plates of condensers and due
to brush discharge from high potential terminals. In a well-
constructed induction coil, the losses due to these causes are
considerably greater than those due to the ohmic resistances
of the wires. Nevertheless, it is found that, provided the losses
are not exceedingly great, they can be taken into account
sufficiently well by the inclusion in the equation of factors
representing what are called the effective resistances of the
circuits. The effective resistance of an oscillatory circuit usually
depends upon the frequency, and in high frequency circuits
the ohmic resistance itself is considerably increased by the
“skin effect.” It is to be understood that the coefficients
R,, R, in the equations represent, not the resistances of the
two circuits for steady currents, but their effective resistances,
that is, factors which determine the mean values of the energy
loss due to all causes. The inductances are also usually not
strictly constant, especially in iron core systems, and the sym-
bols representing them are to be understood as mean values
suitable for the circumstances of the problem under considera-
tion.

With these definitions the circuit equations may be written

di di,
1;;+L12d’ YR, -V, =0 . . . (1)
‘he 2 Ly diy Lt Ry Ve=0 . . . (16)
av, . v,

il = 1 -(‘i?‘ > '1/2 = 02 —Jt— . . . . (17)
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where V, represents the potential difference of the plates of
the primary condenser, or more exactly the excess of this
quantity over the E.M.F. of the battery.

If ¢;, i, are eliminated, the equations become

a?zV >V av

L., —dt?‘ + Ly,0, W? + R,C, 7;2?1 + V=0 . (18)
v, @V av

L,C, gt?' + LyC, _21-52—1 -+ RyC, —dt_z + V=0 . (19)

With suitable modifications in certain cases, and with the
appropriate initial conditions, these equations allow the primary
or the secondary potential at any moment during the flow of
the transient currents to be calculated for any form of oscillation
transformer.

For the present we shall confine our attention to the problem
of the induction coil, worked by an interrupter, the initial
conditions for the oscillations set up at break (i.e. at ¢ = 0)
being in this case—

. , av o)

7'1:“(/1‘d‘t‘1':"0>

. dV2

1,2_02~(-l—t~——0, S . . . . . (20)
V1=_E,

V2:0

In general, if the resistances R,, R, are not restricted in
value, the equations do not admit of simple algebraic solutions,
but if the resistances are small, approximate solutions can be
found. In this case, the influence of the resistances on the
frequencies can be neglected, since it depends on the squares
of the resistances, and the frequencies are then given by the
expression (13). The damping factors of the oscillations can
be determined from approximate expressions given by Drude,
which will be referred to later. (See Chapter III.)

Certain problems on the action of induction coils, such as
that of determining the conditions in which a coil will give
the greatest possible secondary potential, can be solved with-
out reference to the resistances, since they depend mainly upon
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the frequency relations of the system. We shall, therefore,
first consider the solution of equations (18) and (19) for the
case in which the resistance terms are altogether neglected.
Omitting the terms containing R, and R, we find the solutions
to be—

21 Loy 19 MM . .
V= ——n—z;—_ln:zl—z (n2 sin 27n,t — n, sin 2nn2t) . (21)
27iy NN 2 1
14 =——L—2-(LC ————)s'n2 Nyt
! Cy(ng? —np?) T dnin? e
2y iy < 1 ) .
- 2\ L,C, - ——; ) sin 2mm,t . .22
Cin2 —n )\ da2n? S Sty (22)

The wave of potential in the secondary circuit after ‘“break”’
thus consists of two oscillatory components the amplitudes of
which are inversely proportional to the frequencies. In the
primary circuit the potential difference of the plates of the con-
denser also oscillates with two frequencies, but the relation
between the amplitudes is less simple than that found in the
secondary wave.

From these solutions we find the expressions for the currents

av,
dt

4%y 1 20,2 1
= ——— | L,C, ~ 15— ) cos 2mm,t
N2 — Ny 4m’n,

'51=01

47721:0 7’/12”22 1
T PO g ) o0 Bl (39)
and
. av
=0y 5
4 S 2.2
— 7 L2102 Yo M2 (cos 2mn,t — cos 21711,2!) . (24)
n22 - n12

The two components of the oscillatory current in the second-
ary coil have, therefore, equal amplitudes. Since we are at
present supposing that no discharge passes between the second-
ary terminals, the whole of the electricity flowing in the current
7, is accumulated as electrostatic charge in the secondary cir-
cuit. The amount of this charge, that is, the charge on the
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positive portion of the secondary coil and any insulated con-
ductors that may be connected with its terminal, at any
moment during the oscillations is represented by the expression
(21) multiplied by C,. The action of an induction coil when
producing discharge will be considered in Chapter V.

Since the primary wire is wound closely upon the iron core,
the magnetic flux in the core multiplied by the number of
turns in the primary coil is L2, + L;,i,, which is found to be
equal to—

N2 1o < 1 )
—\ L,C, - ~—.—, ) cos 2an,t
Cyn? ~n2)\" dming? mh
nd 1, ( 1 )
| L, — ——— ) cos 2nm,t. . . (25
Cy(ny - n?) T 4 ny? e 28)

All these solutions, (21) to (25), represent undamped oscilla-
tions, and they, therefore, do not correctly represent the
oscillations of an actual induction coil which are subject to
considerable damping. The above expressions along with (13)
do, however, give with considerable accuracy the initial values
of the amplitudes, as well as the phases and frequencies, of the
oscillations which take place in a well-constructed induction
coil after ““break,” and they serve sufficiently well for the deter-
mination of the effect of varying one or other of the induct-
ances or capacities of the system. Before entering upon the
further discussion of these solutions we shall consider certain
matters relating to the construction and use of induction coils
and to the historical development of views as to the nature
of their action.

Construction of Induction Coils. The first experiment in
which a high potential effect was obtained in a secondary coil
by making or breaking a primary circuit was made by Faraday *
in 1831. The apparatus used by Faraday consisted of an iron
ring on which were wound two coils of wire, insulated from
each other and from the ring, one of the coils being connected
with a battery. By making or breaking the connection be-
tween the battery and this coil, Faraday produced short sparks
between charcoal terminals connected with the other coil. He
observed that the sparks were produced more readily when

* Phil. Trans., p 132 (1832).
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contact was made than when it was broken. We shall see
later (Chapter IV) that the circuits of any induction coil can
be adjusted so that the secondary potential at ‘“make” is
greater than that at “break.” Usually, however, it is desired
to produce a much higher potential at break than at make.
Following on Faraday’s discovery, other experimenters soon
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began to develop the induction coil, one of the first improve-
ments being the substitution of a straight core of iron wire
for the iron ring. The advantage gained in this way is due
to the great diminution of the eddy current losses in the core,
and therefore of the damping of the oscillations.

A further great improvement was effected in 1853 by Fizean,
who first used a condenser in conjunction with the interrupter.
We shall see that the condenser not only diminishes the ten-
dency to arcing at the interrupter, but also, by suitable choice
of its capacity, allows the circuits to be adjusted so as to pro-
duce the most effective results.

Fig. 3 shows a diagram of the circuits of an induction coil.
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In modern coils the core S is usually straight, and is built
up of insulated wire or sheet of silicon steel. This substance
has the important magnetic properties of high permeability
and low hysteresis, and its high specific resistance tends further
to diminish the loss due to eddy currents. Instead of the
straight core, some makers prefer to construct their coils with
an iron core bent so as to form a nearly closed magnetic cir-
cuit. Astep in the same direction was suggested by Dessauer,*
who recommended the use of wide flanges of iron attached to
the ends of a straight core. The effect of partly closing the
iron cireuit is to increase all the inductances and also to increase
the coupling. Such variations are fully taken into account in
the theory, and will be considered in Chapter II. The partial
closing of the iron circuit also tends to increase the core losses
and therefore the damping of the oscillations, and this always
diminishes the maximum secondary potential attainable with
a coil. So long as the iron circuit is not too completely closed,
however, this latter effect is not sufficient to interfere seriously
with the working of the coil. Completely closed iron cores are
never used with induction coils, though this is the usual mode
of construction in the high tension transformer, an instrument
now much used (with alternating current and rectifying valves)
for X-ray production. In spite of the very rapid damping of
the oscillations of a high tension transformer, however, one
of these instruments, if worked by a battery and interrupter,
gives a much higher secondary potential than it would if sup-
plied with alternating current of peak value equal to that
supplied by the battery. (See Chapter III.)

On the core, and well insulated from it, is wound the primary
coil (1, Fig. 3) of fairly thick copper wire.t This coil is some-
times tapped at two or three points so that, by means of a
commutator, its sections can be connected with one another
all in series or all in parallel or in other ways. The question
of the best method of connection of the sections, with regard
to the production of high secondary potential at break, and
low potential at make, is considered in Chapter IV.

* Phys. Zeits., 22, p. 425 (1921).
1 In ignition coils the primary wire is usually wound outside the secondary.
See a paper by E. A. Watson on Coil Ignition Systems, Journ. I.E.E., 1932.



16 INDUCTION COIL

Over the primary coil is placed the primary tube (not indi-
cated in Fig. 3), usually of ebonite or micanite about 1 cm. thick.

Outside the tube is placed the secondary coil (2, Fig. 3),
consisting of a very large number of turns of thin copper wire,
usually wound in flat sections each 2 or 3 mm. thick. These
are generally wound separately and then assembled, with an
annular disc of thick paper or other insulating material separ-
ating each section from the adjacent ones, the ends of the
wire being soldered together so that it forms one continuous
winding in the same direction. In some coils the sections are
connected together alternately at the inner and outer edge,
in others the outer turn of one section is joined to the inner
of the next. When the required number of sections are thus
put together the whole is thoroughly impregnated with wax,
a process which is, in order to remove air-holes, carried out
under reduced pressure. The width of the insulating disc,
measured radially from the inner to the outer edge, should
be considerably greater than that of the wire sections so that
there is some distance between the innermost turns of the
secondary wire and the primary tube. This is in order to
diminish the tendency to sparking near the tube from one
section to another, but it also has the effect of reducing the
electrostatic capacity of the secondary coil—a quantity which
depends upon the interval between the primary and secondary
wires—and also of reducing the coefficient of coupling of the
two coils. As we shall see later, these two quantities are of
great importance in connection with the theory of the action
of an induction coil. The separating discs should also extend
at the outer edge beyond the circumference of the sections
themselves. The ratio of the numbers of turns in the secondary
and primary varies greatly in coils by different makers. In
many cases it is about 100, but it is as great as 500 in others.

The condenser (C, Fig. 3) consists of a number of sheets of
tinfoil separated by a dielectric of waxed or varnished paper—
sometimes mica is used—the alternate sheets of foil being con-
nected to one side or the other of the interrupter. The most
important requirement in the condenser is that the strength
of the dielectric should be sufficient to enable it to withstand
the greatest electric strain to which it is liable to be submitted.
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When a large coil is in use the potential difference at the
plates of the condenser may rise to some thousands of volts
—in one case, R. S. Wright observed a {in. spark between
the ends of the primary winding*—and puncturing of the con-
denser dielectric is a frequent cause of failure in the perform-
ance of coils. Between two consecutive sheets of tinfoil there
should be at least two thicknesses of paper, to reduce the proba-
bility of any small perforations extending right across the
dielectric, and great care should be taken in the manufacture
of condensers to exclude moisture and impurities. When a
coil is to be used for different purposes or when the connection
of the primary layers is to be varied, it is an advantage to be
able to vary the capacity of the condenser. For this purpose
subdivided condensers are obtainable, in which the various
sections can be employed singly or in groups.

The above description of constructional details applies to
the usual type of coil which is a familiar piece of apparatus
in every physics laboratory, but there is considerable variety
both in the manner of construction and in the mounting of
coils. In the usual type, the coil is mounted with its axis
horizontal, but some large coils are mounted vertically, some-
times, for better insulation, immersed in oil, a method of
insulation which is generally adopted in high tension trans-
formers. There arc also differences in the manner of winding
the secondary coil. The most usual winding is in flat sections
three or four wires thick, but some coils have only two secondary
sections, others a very large number of sections, each only
one wire thick.

Interrupters. In the oldest type of contact breaker, both
contact pieces were of solid metal, and this type, with platinum
or tungsten contacts, is still in use with small laboratory coils
and in coils used for ignition. But, with large coils and heavy
currents it is quite unsuitable owing to the effects of the spark
which is liable to occur at the point of interruption and which
rapidly disintegrates the contact pieces. In such cases mercury
interrupters are much more satisfactory and are now in general
use.

The older form of mercury break consisted of a rod or dipper

* Journ. Ront. Soc., IX, 35, p. 4 (1913).
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of metal, which was caused to oscillate in a vertical or inclined
direction and to make contact in each oscillation with the
surface of some mercury under oil or alcohol in a glass vessel.
In some forms of the arrangement the movement was main-
tained by the magnetism of the core, in others it was produced
by an independent electric motor. The latter method has the
advantage that the movement of the dipper is quite independent
of the current flowing in the primary coil.

The more recent forms of mercury interrupter, however, are
rotary in action, among the most popular types being those
known as the “centrifugal” and the “jet,”” though the work-
ing of both depends upon centrifugal action. In the former
an iron vessel containing mercury is set into rapid rotation
about a vertical axis by an electric motor, the mercury becom-
ing raised at the sides in accordance with a well-known mech-
anical principle. In one form of the instrument contact is
made during a part of the revolution with this raised belt of
mercury by an horizontal metal rod, also rotating, but about an
axis parallel to and at a short distance from that of the vessel.
An adjustment of the distance between the axes allows the
duration of contact to be varied. In these interrupters the
mercury is generally covered with a layer of petroleum or other
insulating liquid. Tt is claimed for this type of break that,
owing to the rotation, the mercury in the neighbourhood of
the place of contact is kept much cleaner than it is in inter-
rupters of the ordinary dipper variety.

In one type of jet interrupter (I, Fig. 3) mercury is pumped
by centrifugal action up two rotating tubes, inclined upwards
and outwards from near the bottom of the containing vessel,
and projected horizontally in the form of two revolving jets
which impinge on a set of fixed metallic blades of triangular
form. The duration of contact can be varied by raising or
lowering the blades, thus allowing a narrower or a wider part
of their surface to be swept by the jets. The frequency of
the interruptions depends upon the rate of rotation of the jets
and upon the number of blades. As many as 150 breaks per
second may be effected with this interrupter, which is, owing
to the very short time of contact, suitable for use on a high
voltage circuit. In order to ensure good interruptions it is
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essential that the mercury surface should be clean, and for
this reason coal gas is generally used as the dielectric in these
interrupters. Owing to the large number of discharges per
second, rapid jet interrupters give very steady illumination in
X-ray screen work, but since they require a high voltage supply
to enable the primary current to rise —
sufficiently during the very short
time of contact, they are apt to give
rise to considerable negative poten- O
tial and reverse current at ‘“make.”
(See Chapter 1V.)

Tn some experiments it is desirable
to use single discharges produced by [7] ]
the interruption of a strong current
in the primary circuit. In using a
mercury dipper interrupter for such
a purpose, Mr. J. Meiklejohn, a re-
search student in the Natural Philo-
sophy department of the University v
of Glasgow, observed that the mer-
cury surface is much more easily kept
clean if it is convex than if it is
plane. The particles of black deposit
which tend to collect on the surface
are unstable at the summit and easily
move down to the side. A simple
form of interrupter in which this idea
is embodied is illustrated in Fig. 4.
1t consists of a cylindrical iron vessel,
about 1}in. internal diameter, having
a concave bed with a well bored in it at the centre to contain
the mercury. The convex surface of the mercury stands above
the level of the centre of the bed and is well covered with
paraffin oil. Contact is made by an amalgamated copper rod
which is attached to the end of a lever and, when not in use,
is held by a spring up out of the mercury. If the mercury sur-
face is wiped with a strip of cardboard before the experiment
a good break, for currents of 25 amp. or more, is ensured.

If the experiment requires the interruption of a much stronger

Fic. 4. MERCURY DIPPER
INTERRUPTER



20 INDUCTION COIL

current the method described by C. Déguisne* may be em-
ployed, in which the current is increased until a fuse is blown
out in the primary circuit. In this method the primary current
may rise to 250 amp., and produce at break a momentary
current of 0-4 amp. through an X-ray tube connected with the
secondary terminals.

Electrolytic Interrupters. The electrolytic interrupter was
first used by Wehnelt in 1899. In its simplest form the Wehnelt
interrupter consists of two electrodes, one small and of platinum,
the other of lead and large in area, both immersed in a vessel
containing dilute sulphuric acid. The platinum electrode may
be a piece of wire sealed into the lower end of a glass tube
containing mercury to lead in the current. The interrupter is
connected, in series with the primary coil, to a battery or other
source of high K.M.F., the platinum wire to the positive pole.
The current then becomes very rapidly made and broken, the
frequency depending mainly upon the E.M.F., the self-induct-
ance of the coil, and the area of the platinum electrode. Usually
several hundreds per second, the frequency may be as high
as 2,000 with this interrupter, which is chiefly used in X-ray
work when a large number of discharges in a short interval
of time is required. The least voltage required to work the
interrupter depends largely upon the temperature of the elec-
trolyte, and may be as low as 20 volts or so if the liquid is
hot. There is also an upper limit to the voltage required;
both limits depend not only on the temperature of the liquid
but also on the self-inductance of the primary circuit. In some
forms of Wehnelt interrupter the platinum electrode, supported
by a metal rod, projects through a small opening at the lower
end of a porcelain tube and is adjustable; in other forms two
or more anodes are provided.

The precise mode of action of the Wehnelt interrupter does
not appear to have been fully ascertained. One view of the
matter, probably the one which is most generally held, is that
the interruption of the current is due to the rapid formation
of a layer of gas (oxygen and water-vapour) round the platinum
electrode, and that the primary spark which shortly afterwards
pierces the layer is responsible for the removal of this barrier

* Phys. Zeitsch., 15, p. 630 (1914).
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and the re-establishment of contact between the liquid and
the platinum. To judge by an oscillogram of the primary cur-
rent given by Salomonson* it appears that in some cases con-
tact follows very quickly after break, not infrequently before
the current has had time to fall to zero. In this respect the
action of the Wehnelt interrupter is very different from that
of other interrupters, in which, as a rule, the current not only
falls to zero but also performs a number of oscillations about
the zero value before the next contact is made.

It is held by some that, in addition to acting as a break,
the Wehnelt interrupter also performs the function of a con-
denser, but about this there is difference of opinion. The con-
denser usually connected in parallel with interrupters of other
kinds is seldom employed with the Wehnelt, which is said to
work quite as well, if not better, without the condenser. In
some cases examined by the writer, the addition of a condenser
(with a given E.M.F. and primary resistance, and with secon-
dary sparks passing) was found to have the effects of (1) lower-
ing the frequency of the interruptions, (2) increasing the mean
secondary current. The quantity of electricity discharged
across the spark-gap in each cycle must therefore have been
greater with than without the condenser. The whole question
of the action of electrolytic interrupters appears, however, to
require further detailed investigation.

Another form of electrolytic break is that invented inde-
pendently by Simon and Caldwell in 1899, in which both elec-
trodes are of lead and of large area, but they are placed in
separate vessels containing acid and communicating with each
other only through a small aperture. In this symmetrical
arrangement the interruptions occur at the aperture, where
the cross-section of the conducting liquid is small.

Electrolytic interrupters are usually very inefficient in work-
ing, a large part of the total energy expended, over 80 per
cent in some cases, appearing as heat in the electrolyte. An
improved form in which this defect is greatly diminished has
been described by F. H. Newman.t In this form the electrolyte

* Jour. Ront. Soc., VII, 27, Fig. 20, p. 12. See also Armagnat, La Bobine
d’induction, p. 66, and Fig. 37 in this book.
t Proc. Roy. Soc. A, 99, p. 324 (1921).
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is a saturated solution of ammonium phosphate contained in
an aluminium vessel which acts as cathode, the anode con-
sisting as usual of a platinum wire. This interrupter is said to
work at a much smaller current than the Wehnelt, and without
disintegration of the platinum wire, and to give a very steady
series of high potential waves in the secondary coil.

Spark Gaps. A very useful accessory in the use of high
bension apparatus is a good adjustable spark gap for measuring
the maximum, or peak, value of the secondary potential. The
zap should have spherical electrodes, should be mounted on
a rigid ebonite stand, and when in use should not be very
near other conductors. Electrode diameters of 2 cm. are quite
suitable for spark lengths up to 2 or 3 em. ; for higher potentials
larger spheres are sometimes used.

The curve in Fig. 5 shows the sparking potentials in kilovolts
for various sparklengths between 2 cm. diameter zine spheres.
It was determined by observations made with a coil the con-
stants of which were known, so that the peak potential for
any primary current was calculable. The smallest primary
current which, at break, produced each sparklength was
measured, and in the calculations allowance was made for the
variation of the inductances with current. In any well con-
structed coil this variation is very small over a considerable
range above and below the current at which the inductances
have their maximum values, so that within this range (the
primary and secondary capacitics being supposed constant)
the peak secondary potential is proportional to the primary
current at break. The frequency of the slower oscillation of
the coil used in the experiments was about 200 per sec., and
the curve in Fig. 5 is suitable for the determination of the peak
potential of any coil the principal oscillation of which has a
frequency of about this value. Owing to the existence of time
lag in the occurrence of sparks the sparking potentials indicated
in Fig. 5 are rather greater than the steady potentials which
would produce the same sparklengths. On the other hand,
for potential waves of much greater frequency, the potential
values given in Fig. 5 are too small. In working with small
coils the writer has found very useful a gap in which one of
the spheres has a very small hole bored axially in it, in the
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hole being placed a minute speck of radium bromide. This
radium gap appears to have no time lag.*

Earlier Theories of the Action of Induction Coils. Early
writers on the action of induction coils were content to regard
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the high potential which appeared at the secondary terminals
at “break’ as arising from the diminution of the magnetic

* The lag may also be diminished by the use of a ‘“‘third point.” See J.D.
Morgan, Phil. Mag. 4, p. 91, 1927 The action of the third point was traced
by C. E. Wynn-Williams (Phil. Mag. 1, p. 3563, 1926) to radiation from the
point. The nature and source of the radiation have been carefully examined
by J. Thomson, Phil. Mag. b, p. 513 ; 6, p. 526, 1928 ; 7, p. 970; 8, p. 977, 1929,
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flux in the iron core due to the primary current when this
current was interrupted, and being proportional to the rate
at which this flux could be caused to disappear. In this simple
view of the matter the facts are ignored that the secondary
winding possesses electrostatic capacity, that consequently
there may be a considerable current in the secondary coil even
though there is no discharge passing between its terminals,
and that this secondary current also produces magnetic flux,
a part (but not the whole) of which passes through the core.
As a matter of fact, the rate of disappearance of the core-flux
is in itself no criterion as to the magnitude of the maximum
potential produced at the secondary terminals; in some cases,
as we shall see later, the potential can be increased by prolong-
ing the period of decay of the flux.

In 1891 a theory was proposed by the Russian physicist
Colley,* in which the secondary potential was regarded as arising
from the superposition of two oscillations. The frequencies of
these oscillations were, however, assumed to be the separate
circuit frequencies. The reaction of the secondary current on
the primary was neglected, and in his experiments Colley ex-
pressly connected large self-inductances in series with the
primary coil, so that the secondary acted inductively on only
a small portion of the primary circuit, or, as we should now
express it, so that the circuits were very loosely coupled.
Colley’s theory therefore only applies to the case of very loose
coupling, and is not applicable to an induction coil in ordinary
working conditions.

In 1901 a theory of the action of an induction coil, worked
by an interrupter and having its secondary circuit open, was
proposed by the late Lord Rayleigh.t According to this theory,
the current in the primary coil is suddenly stopped at “ break,”
while at the same time a current is instantaneously generated
in the secondary coil. The secondary current then begins to
oscillate as a system with one degree of freedom, the potential
reaching its highest value at a quarter-period after the begin-
ning of the oscillations. This is, at any rate, according to

* Wied. Ann., 44, p. 109 (1891). )
t Phil. Mag., ii, p. 581 (1901). Rayleigh states that he regarded it as
improbable that the current in the primary coil could also execute oscillations.
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Rayleigh’s theory, the ideal to be aimed at, but ordinary inter-
rupters are supposed to be incapable of producing a sufficiently
rapid break to satisfy the theoretical conditions unless the
primary current is very small. It was pointed out by Rayleigh
that there is a loss of energy at the moment of break except in
the case when there is no magnetic leakage between the primary
and secondary circuits, i.e. when L, L, = M? where L, and L,
are the self-inductances of the circuits and M is their mutual
inductance. Rayleigh showed that if this condition is satisfied
and if the resistance of the secondary circuit is negligible, the
principle of energy leads to the expression for the maximum
secondary potential

V‘.!m - io\/(Ll/("2)~

in which (', is the secondary capacity and ¢, is the primary
current immediately before interruption. According to Ray-
leigh’s theory, the maximum secondary potential is independent
of the resistance of the primary circuit.

Another feature of the theory is that the only use of the
primary condenser is to check the formation of an arc at the
interrupter, and thus to quicken the break, so that when the
interrupter is sufliciently rapid in action without this assistance
the presence of the condenser is a disadvantage, since it then
retards the decay of the primary current. In support of this
conclusion, Rayleigh describes his experiments on the secondary
spark-length of an Apps coil used with various forms of very
rapid interrupter. In his final experiments he produced the
break by severing the primary wire with a rifle bullet, and
found that the secondary spark was longer without any con-
denser (or with a certain condenser of very small capacity)
than when the usual coil condenser was connected across the
broken part of the circuit. Tn other experiments, in which a
less rapid form of interrupter, worked by a falling weight,
was employed, he found that when the primary current was
very weak longer secondary sparks were obtained without than
with the coil condenser. A similar result has been recorded
by W. H. Wilson,* who observed that when the magnetic
energy supplied to an induction coil was insufficient to cause

* Proc. Roy. Soc., LXXXVII, p. 76 (1912).
3—(s729)
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any appreciable spark at the interrupter, a longer secondary
spark could be obtained without than with a primary condenser.
No indication is given, however, as to whether the experiment
was tried with various condensers of different capacities.

These experiments appear at first sight to afford strong
evidence in favour of Rayleigh’s theory, and the well-known
fact that when an ordinary interrupter is used there is a certain
most effective, or optimum, capacity-—a fact which appears
to contradict the theory—might be attributed to insufficient
rapidity in the action of the interrupter.

On the other hand, there is now abundant experimental
evidence of the existence of two oscillations, both in the
primary and in the secondary circuit, and the oscillations in
the primary are not taken into account in Rayleigh’s theory.
Further, Rayleigh’s rifle-bullet experiment was repeated by the
present writer with a very different result, viz. it was found
that a decidedly longer spark could be obtained with than
without a condenser provided the capacity of the condenser
was suitably chosen.

It appears, therefore, that Rayleigh’s theory, though applic-
able in a certain limiting case, is not sufficiently wide to cover
the action of induction coils in general, in which the coupling
falls well short of unity, and in which the oscillations of the
primary current have an important influence on the phenomena
exhibited.

The Present Theory. The theory, a short account of which
is given in the earlier portion of the present chapter, and which
will be developed in the next chapter, was suggested by the
present writer in 1909. A full account of the theory was given
in the author’s T'heory of the Induction Coil* with a description
of many experiments made with the object of testing the
theory. In all cases the tests completely verified the theory.

It has alrcady been indicated that the explanation of the
action of induction coils and other oscillation transformers
involves a detailed study of transient currents in coupled cir-
cuits. In these instruments, in fact, the whole action depends
upon transient currents, which are utilized in them for the
production of certain effects. It is different in most of the

* London, Sir Isaac Pitinan & Sons (1921).
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applications of electricity, in which use is made of constant
or of steadily alternating currents, and the importance of surges
is often under-estimated, sometimes with destructive results,
as when current is switched off too suddenly from a highly
inductive circuit. Sometimes also the neglect of transitional
effects is apt to lead to erroneous conclusions in regard to
fundamental matters, the following being a case in point.

The Law of Electromagnetic Induction. It is well known
that the law which describes the conditions necessary for the
production of induced currents is stated in two ways, viz.
(1) a current is induced in a wire (forming part of a closed
circuit) when lines of magnetic induction are cutting across
it, (2) a current is induced in a circuit when the total number
of lines of induction passing through the circuit is changing.
In many cases the two statements are cquivalent, the change
in the number of lines linked with the circuit being equal to
the number which cut across the wire in the same time. But
there are cases in which lines cut across a conductor forming
part of a circuit without causing change of the total number
linked with the circuit, and other cases in which the total
number of lines linked with a circuit changes without any of
them cutting across the conductor. The following argument
is sometimes advanced to show that the cutting of lines by the
wire is not a necessary condition. Suppose that a circular ring
of uniform section is uniformly wound with wire, forming a
circular solenoid, the adjacent ends of the wire being connected
to a battery and a contact breaker. Another wire, forming
a closed secondary circuit, is linked with the ring. Then, if
current, flows in the solenoid its magnetic field is entirely con-
fined to the space within the ring and, therefore, if the current
is interrupted, none of the lines of induction will pass outside the
primary coil so as to be able to cut across the sccondary wire.
Nevertheless, the interruption of the primary current gives
rise to an induced current in the secondary circuit.

Now it is true that if the current in the solenoid is constant
in time its value is uniform round the ring, and it produces
no magnetic field outside the ring, but the fallacy in the above
argument is seen when we consider the transitory effect of the
interruption of the primary current. The solenoid possesses
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both capacity and self-inductance. Immediately after break
an oscillation is set up, the current during the oscillation being
zero (or nearly so) at the part of the solenoid where the leads
are connected and a maximum at the diametrically opposite
part. The oscillating current is not uniformly distributed round
the ring, its field is not confined to the space within it, and its
lines of induction spread out into the surrounding space and cut
across the secondary wire. The same is true if the primary
current is varied in any other manner.

This example, therefore, forms no exception to the first
statement of the law, substantially the statement given by
Faraday in 1831, which will probably be found to be true in
all cases if transient effects are fully taken into account.



CHAPTER TI
THE MAXIMUM SECONDARY POTENTIAL

ProcerpiNnG now with the discussion of the expressions (21)
and (22), page 12, which give the values of the secondary and
primary potential of an induction coil at any time after break,
we will first consider the maximum value of the secondary
potential and the manner in which this maximum can be made
as great as possible, still confining our attention to the case in
which the resistances of the circuits and other causes of damp-
ing (e.g. secondary discharge) arc neglected.

The expression (21) for V, represents two superposed oscilla-
tions which begin in opposite phase, and the amplitudes of
which are inversely as the frequencies. In actual coils, owing
to the damping of the oscillations, the peak potential in the
second and following half waves of the slower oscillation is
always considerably less than that in the first half wave, so
that in considering the maximum potential we may confine
our attention to the first half wave of the slower component.

Sum of Amplitudes. The first point to be noticed is that the
value of V, cannot be greater than the sum of the amplitudes
of the two components. This sum is easily seen by (21) to
be equal to

2Ly g — 2

Ny — Ny
which represents the greatest conceivable secondary potential
of an induction coil, only attainable on the supposition that
all causes of damping are neglected. It may also be expressed
in terms of the constants of the circuits. Employing the ex-
pression (13) for the frequencies, and setting w = L,C,/L,C,
as before, we find that the sum of the amplitudes is equal to

»—L“—iL. - L R . . (26)
VUCy) T /1w =24/ fu(l - k)]
Ly, 1y : 1 -
e U2 = — = 9
or NN U, if I u - 2y full =) (27)
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In terms of the reciprocal ratio m(== L,C,/L,C;) the ex-
pression for the sum of the amplitudes is—

Ly 1
— M . . . . . . . (28
VALY =
where M? = —— ! . . . . (29)

14 m—2y/fm(l -2}
Best Frequency Ratios. The next point is that the two com-
ponent potential waves in the secondary can only conspire to
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produce a maximum equal to the sum of their amplitudes
when the frequency ratio has certain values. In Fig. 6, the
upper curves show the two component waves in the secondary
for four frequency ratios. Only one half wave of the slower
component is represented, the components have amplitudes
inversely as their frequencies, and they begin in opposite phase.
The lower curves show the result of the superposition of the
components, and, therefore, the form of the resultant potential
wave in the secondary circuit.

It will be seen from Fig. 6 that positive maxima of the two
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components conspire when the frequency ratio is 3 or 7, and
a little further consideration shows that the same happens
when the frequency ratio has one of the values 11, 15, 19,
For any one of these values of the frequency ratio, therefore,
the maximum secondary potential is equal to the sum of the
amplitudes of the component oscillations, and is, therefore,
represented by cither of the expressions (26) or (28). If the
frequency ratio has any other value the maximum potential
falls short of the sum of the amplitudes, the deficiency being
greatest at the ratios 5, 9, 13, . . . at any one of which a
minimum of the rapid oscillation occurs simultaneously with
a maximum in the slower component, as shown in the second
and fourth curves of Fig. 6

Most Effective Adjustments. There is still another condition
to be satisfied in order to ensure that the secondary potential
shall attain its greatest possible value, for the condition
Nyfny = 3, 7, 11, . . ., though necessary, is not sufficient for
this purpose. The expression (26) shows that the sum of the
amplitudes depends upon the value of the ratio u, and that it
can be varied by changing the primary capacity (which is
proportional to u) without altering any of the other constants
of the circuits. By differentiating the expression (27) for U2
with respect to « we find that this quantity has a maximum
value of 1/k% when u = 142 Consequently, if the two con-
ditions—

w=1-4k% . . . . . . . . (30)
" 371,15, . . . N € 30
n

are satisfied, the maximum secondary potential V,, has its
greatest possible value, which is given by—

L 1
= 2”" N £ )
Em B e
412
so that
L
%Ll".oz:%Cszme- = (34)

Ly
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The last equation (34) is the energy equation for an induction
coil in one of the adjustments specified by (30) and (31). It
expresses that in these adjustments the whole of the magnetic
energy 3L, 1% initially supplied to the primary circuit becomes
converted soon after break into electrostatic energy in the
secondary, and therefore gives rise to the greatest possible
value of the secondary potential for a given primary current
1o at break. It is only in these favourable adjustments that
this complete conversion of the energy takes place.

By numerical calculation from equations (30), (31), and (14),
the last of which gives n,/n, in terms of u and A2, these adjust-
ments can be completely specified. The first four of the series
are given in Table I, in which the first column contains the
values of the frequency ratio, the second those of the coupling,
and the third the values of the ratio u, that is L,C/L,C,.

TABLE 1
! L.
1yfny | k2 ‘]‘('1 S
RS AR
3 ' 0571 | 0-429
7 0-835 \ 0-165
11 | 0-902 0-098
15 | 0931 E 0-069
i

If the coupling has one of the values given in the second
column of Table I, the optimum value of w is given by the
corresponding number in the third column, and the most
effective value of the primary capacity is then (1 — A2)L,C,/L,.

The adjustments specified in Table I, giving complete con-
version of magnetic into electrostatic energy, are the only four
which are likely to occur in the working conditions of actual
coils. In the first, the coupling 0-571 is smaller than that
usually found in coils, but this value can be easily obtained
by inserting series inductance in the primary circuit, or, in
some coils, by drawing out the primary to a suitable distance
along the axis of the secondary. The fourth value 0-931 may
perhaps be found in coils in which the core forms a nearly
closed iron circuit, especially if the secondary terminals are con-
nected with a condenser. In actual coils the energy conversion
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is, of course, incomplete owing to losses. Nevertheless, experi-
mental evidence, so far as it has been obtained, shows that
the conversion is a maximum in the adjustments of Table I.

The Primary Potential. The physical meaning of the con-
dition v = 1-4? may be further illustrated by considering
what goes on in the primary circuit after “break.” In this
circuit the two oscillations begin in the same phase, so that
if the frequency ratio has one of the values 3, 7, 11, . . . the
primary potential at the instant ¢ = 1/4n, (at which moment
the secondary potential reaches its greatest value) is equal to
the difference of the amplitudes. The amplitudes of the poten-
tial oscillations in the primary are, by (22)—

. g 2
278 NNy <I ! 1 )
y Ty T oy “1N1 T T 5 o

Ci(ny2 —n?) 4m°n,2)’

D Py 2
2ty 120 < _ 1
and - —= L, - -
B b 1“1 b b
Ci(ny2 —n2) d7mn 2/’

and their difference is

. NNy T 1
27710 Ll ST T T T st ',v_ . T
ny—n, 2nC, n,—-n,

iy
T e e 4 2L (J nm _]>
27701(7@-_)_ - 77'1) < T Tt

which, by (13), reduces to

B < J u 1)
27C(ng — M) 142 '

The condition w == 1 — k2 makes this difference vanish, so
that, in the adjustments of Table I, the primary condenser
is without charge at the moment of maximum secondary
potential.

In Fig. 7, the upper curves represent the two components
of the primary potential oscillations for three frequency ratios,
the amplitudes being equal as required by the condition
w = 1-k% The lower curves show the result of their super-
position. It will be seen from the lower curves that if the
frequency ratio is 3 or 7 the primary potential is zero, and,
therefore, the condenser is uncharged, at the time ¢ = 1/4n,
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(a quarter period of the slower oscillation) after break. The
curves show, moreover, that not only V, but also its rate of
variation dV,/dt is zero at this moment, so that, since
1, = C, dV /dt, there is also no current in the primary circuit.
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In the adjustments of Table I there is, therefore, neither mag-
netic nor electrostatic cnergy in the primary circuit at the
moment of maximum secondary potential. At this instant also,
since dV,/dt = 0, there is no current in the secondary circuit.
The whole of the energy therefore exists in the electrostatic
form in the secondary, as already indicated by the energy
equation (34).
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The Maximum Secondary Potential in any Adjustment. If
the coupling has not one of the special values given in Table I,
positive maxima in the two waves of secondary potential do
not occur simultaneously, and the maximum is necessarily less
than the sum of the amplitudes. To find its value we proceed
as follows : From the expression (21) for V, we find the turning
points in the (V,, ) curve, determined by dV,/dt = 0, to occur
at times given by

cos 2mn,t — cos 2an,t = 0, . . . . . (35)
or  sin w(n, |- my)t . sinw(n, — ny)t == 0.

The stationary values of V, therefore occur at the times

1 2 3
t=10, ——y —-,
ny 4 ny Ny L Ny Ny A My (36)
and 1 2 3 '
Ny~ Ny Ny =Ny Ny— Ny
At any stationary value we have, by (35),
sin 2an,t = | sin 2mnt, . . . . . (37)

the upper sign giving the numerical minima of V', the lower
sign the maxima.

Substituting in (21) we find that all the maximum values
of V, are given by the simple expression—

. mn .

2 Ly0, — = sin 2mny, . . . . . (38)
Ny =My

¢ having for each maximum the appropriate value given in

the upper line of (36). Thus, the first maximum in the (V,, t)

&

. 1
curve occurs at time { — —— -, the second at ¢ = - R
Ny |- Ny Ny -+ Ny

and so on.
The form of the expression (38) shows that the maxima all
lie on the sine curve

nyn,
V= 2aLy iy — —sin2md¢ . . . . (39
TLi9q ?/0 Mg — nyl SIn 247Ny ( )
as illustrated by the broken line curve in Fig. 8 which passes
through the maxima of the (V,, f) curve represented by the
full line,
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The greatest value of the secondary potential is the maxi-
mum which occurs nearest to the summit of the sine curve
(39). It may be called the principal maximum in the (V,, t)
curve. It is easily seen that the first maximum, occurring at

time — -, 18 the principal maximum if the frequency

nl ']‘ Ny

ratio n,/n, is between 1 and 5. If

n, = 5n, the first maximum is equal

to the sccond, and they occur at times
1 2

ny -y My g

5 and 9, the second maximum is the

principal maximum, occurring at the

D
time —————. If n, = 9n, the second
Ny -1~ My
and third maxima are equal, and
if my/n, is between 9 and 13 the

third maximum is the principal maximum, and it occurs at

If ny/n, is between

Fia. 8. SumowiNng Maxima
LyviNnag oN A SINE CURVE

3
t = -— -—;and so on.
nl ']' n2

Consequently, the principal maximum secondary potential
is given by the equation

. nn .
Vim = 2mLy iy — . sin ¢, . . . . (40)
Ny — Ny
where
2mm, .M, . )
¢ = ——1 if “?is between 1 and 5,
ny Ny, My
4mn
) ¢ == '—1 I3 9 5 9 9) . a (41)
Ny + Ny
6mn
» ¢ = 39 3 9 3 13, .
Ny - My J
and so on.
If ny/n, has one of the values 3, 7, 11, . . . the maxima of

the two oscillations occur simultancously, the principal maxi-

. . ™ .
mum occurring at the time 1/4n, (gb = 5), that is, it occurs
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at the summit of the sine curve (39). Its value in such cases
is, by (40), 2Ly, _ﬁf’fz_, which is equal to the sum of the

Ny =M,y
amplitudes (26).

In any adjustment, however, the principal maximum is given
by (40) which, by (27), is equivalent to

Lyt
Vom o Using, . . . . . (42
2 '\/(1/00 ) ‘77 ( )

the angle ¢ being given by (41).

Efficiency of Conversion. Equation (42) may be written in
the form

L
§C2 12

wd e i sinty L (43)
21

giving the maximum value of the electrostatic energy in the
secondary circuit. The ratio of this quantity to the initial
primary magnetic energy 1L is A2U? sin*p. This ratio may
be called the “efficiency of conversion” of the coil. In the
special adjustments of Table I its value is, of course, unity.
Optimum Primary Capacity. The optimum primary capacity
may be found by calculation if the primary self-inductance
Ly, the coupling A% and the product L,C', of self-inductance
and capacity for the secondary coil are known. We first find
the value of « which, for given k2%, gives the greatest value of
U sin ¢. To do this we insert the value of A%, with any value
of u (not far from 1 - £2) in equation (14), and hence determine
the frequency ratio n,/n,. Then we calculate ¢ from (41) and
U from (27), and thus obtain the value of U sin ¢. Repeating
the process with various values of u we eventually find the
value which gives the maximum of U sin ¢, i.e. the optimum
value of w for the given coupling. In Table II are collected
the optimum values of u (second column) for various values
of k2 (first column) covering practically the whole of the useful
range. The third column shows the values of the frequency
ratio at which the greatest maxima of U sin ¢ occur, the fourth
and fifth columns the corresponding values of U and U sin ¢,
and the last column the values of the efficiency of conversion.
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TABLE II
ADJUSTMENTS FOR MAXIMUM SECONDARY I'uu,N'rM],

, Efficiency of
k2, ’u< = L‘(V'> fﬁ . U sin ¢. Conve rsly()n
I".’( ] "y k22 gin? q)
|
0-92 0-062¢ 15 1042 1-042 0-999
0-92 01297 Il 1-:040 1-040 0-995
0-90 0-0965 11 1-054 1-054 1-0
0-87 0075 10-79 1-067 1-:067 0990
0-87 0-21 7-183 1-066 1-:066 0-989
0-835 0-165 70 1094 1-094 1-0
0768 011 6-801 1-125 | 1-124 0-970
0-71 0-09 6:595 1-142 | 1-138 0919
0-71 044 3-767 1-174 1-137 0-918
0-70 0-445 3-68 1-183 1-153 0-930
0-61 0-45 3:299 1-246 1-238 0-981
0-60 0435 312 1:290 1:288 0-996
0-571 0-429 30 1-323 1-323 1-0
0-5 0-11 2:752 1-408 ‘1-401 0-981
| |

For any value of £* given in Table 11 the optimum primary
capacity is found by multiplying the corresponding value of
w (second column) by L,C,/L,, and the principal maximum of
V, is found by multiplying the value of U sin ¢ (fifth column)

Lusiof /(L)

The numbers in the second column of Table 1I are the op-
timum values of the ratio L,C,/L,(, for the degrees of coupling
given in the first column. For intermediate values of 4® within
the same range the optimum values of « may be found approxi-
mately by plotting the (A%, u) curve from the values given in
the Table. This curve has three distinct segments, one covering
very approximately the range A% — 0-92 to 0-87, another the
range 0-87 to 0-71, and the third running from 0-71 downwards.
At each of thesc three values of i? there are practically two
equal greatest maxima of U sin ¢, one corresponding to a
value of w greater than, the other less than 1 — k. For example,
when k2 is 0-71 the two values 0-09 and 0-44 of u give practically
equal values of U sin ¢, these being higher than those corre-
sponding to any other value of u. At this coupling therefore
there are two optimum primary capacities.

At those values of &2 which give two equal greatest maxima
of U sin ¢, the greatest possible conversion efficiency (see_
Table II, last column) is less than it is at neighbouring values
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of the coupling. Of the “optimum” adjustments within the
range of Table II the efficiency of conversion is least at
k? = 0-71. In this case rather over 8 per cent of the initial
energy supply 1L,7,2 appears as electrostatic energy in the
primary condenser and electrokinetic energy in the primary
circuit at the moment when the secondary potential reaches
its greatest value. It can be shown by (22) that of this 8 per
cent about one-quarter represents the energy of charge of the
condenser, the remainder the energy of the primary current.

The efficiency of conversion is, as explained above, unity
in those adjustments in which the greatest maximum of U sin ¢
oceurs at a frequency ratio having onec of the values 3, 7, 11,

. In Table II there arc three such adjustments, giving the
ratios 3, 7, and 11; they are the first three adjustments of
Table I.

A very simple approximate rule may be stated for the opti-
mum primary capacity if A2 is between 0-71 and 0-5. It will
be seen from Table 11 that there is within these limits no great
variation in the optimum value of ». 1t should also be noted
that, for such values of 2, U sin ¢ varies very slowly with » near
the greatest maximum ; these portions of the (u, U sin ¢) curves
are very flat-topped. We may therefore, without much error,
take the mean value of the optimum w» as applicable over this
range, and say that if 42 lies between 0-71 and 0-5 the optimum
primary capacity is that which makes L,C, == 0-43 L,C,.

There is no such simple rule for the higher degrees of coupling,
but it will be noticed in Table II that at these the greatest
maxima of U sin ¢ correspond very closely to adjustments
in which ¢ is equal to =/2. This applies with considerable
accuracy down to the value 42 = 0-768, and with fair accuracy
down to 0-71. At the latter degree of coupling the value of
U sin ¢ for the ratio 7 (approximately 1-134 at u = 0-078)
only differs by 4 parts in 1,100 from the neighbouring maxi-
mum value (1-138) given in Table II. We may therefore
state, as an approximate result, that if 4> is greater than
0-71 the optimum primary capacity is that which makes the
frequency ratio have that one of the values 3, 7, 11, . . .
which most nearly makes U a maximum. At k%= 0-71 the
approximate rule, therefore, gives the maximum value of



40 INDUCTION COLL

U sin ¢ with considerable accuracy, but not so accurately the
optimum value of u, viz. 0-078 as against 0-09 (see Table 1I).

Although the optimum values of u given in Table II are
here deduced from the simpler theory in which the oscillations
are regarded as undamped, they are found to show good agree-
ment with experimental results so far as these have been
obtained. Some of these comparisons with experiment will be
referred to later in the present chapter.

Capacity—Potential Curves.* We will now consider the
manner in which the principal maximum secondary potential
Vo of an induction coil changes when the capacity of the
primary condenser (', is varied, the coupling and the primary
current at break being constant. In these circumstances V,,,
is proportional to U sin ¢, the other factors in the expression
(42) being constant, and (; is proportional to u.

As u is increased continually from zero to unity the frequency
ratio, by (14), diminishes from infinity to a minimum of
V(1 + k)/(1 = k). The factor U, by (27), increases from unity
and passes through a single maximum value (viz. 1/k) corre-
sponding to the relation % = 1 - A2, The factor sin ¢, however,
reaches its maximum value unity whenever the frequency ratio
passes through one of the values . . . 15,11, 7, 3.

Consequently, it might be expected that the capacity—
potential curves. or the (4, U sin ¢) curves, would show a
series of maxima and minima as the primary capacity is in-
creased from zero. The curves consist, in fact, of a series of
arches the relative proportions of which depend upon the
coupling. The curves may be calculated by determining the
value of U sin ¢ for any values of w and 4% in the manncr
already explained.

Five of these curves are shown in the following diagrams,
in each of which the full-line curve represents U sin ¢, the
broken-line curve U. The ordinate of the U curve is propor-
tional to the sum of the amplitudes of the components of the
potential wave in the secondary coil; it therefore represents
what the maximum potential would be if the two components
were always in the same phase at the moment of maximum

* The Electrician, 30th Aug., p. 376; 6th Sept., p. 396; 13th Sept., p. 416
(1918). Seo also Phil. May., pp. 229. 230, Aug., 1915; p. 1566, Aug., 1918
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potential. The difference of the ordinates of the U and U sin ¢
curves represents the deficiency in the maximum potential
arising from the fact that the two component oscillations are
not generally in phase with each other at the instant when
the maximum occurs.

The curves are drawn for values of % up to unity; their
continuations beyond this range are of no importance in the
theory of the optimum primary capacity, but they are of
interest in connection with that of the optimum secondary
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Fra. 9. VARIATION OF SECONDARY POTENTIAT, wiTH PRIMARY
Cavaciry (CancvnaTep) AT CourniNg 0-571

capacity, which will be discussed later. In each case the U
curve passes through the point (0, 1), since the value of U
is unity when u is zero.

The first diagram (Fig. 9) refers to the case in which A? has
the value 0-571, the smallest of the values of the coupling
giving unit efficiency of conversion (sce Table I, p. 32). 1t
will be seen that the U sin ¢ curve consists of a series of arches,
all lying within and each touching the U curve. These may
be called the 3/1, 7/1, 11/1, . . . arches, since their points of
contact with the U curve occur at these values of the frequency
ratio. The maximum value of U occurs at u — 0-429 (= 1 — k?),
and the 3/1 arch touches the U curve at its highest point.
The maximum of U and the greatest maximum of U sin ¢,
each of which has the value 1:323, occur at the same value

4 ~(5729)
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of u, and this is the condition for maximum efficiency of
conversion of primary magnetic into secondary electrostatic
energy.

The points of interscction of the arches, i.e. the minimum
points in the U sin ¢ curve, correspond with the values 5, 9,
13, . . . of the frequency-ratio, the three shown in the diagram
occurring at u = 0-105, 0-03, and 0-014. The corresponding
values of the angle ¢ are =/3 (or 27/3), 27/5 (or 3n/5), 3n/7
(or 47/7). These points of intersection represent adjustments
in which there are two equal principal maxima in the (V,, ¢)
curve; at the first, the intersection of the 3/1 and 5/1 arches,
the first and second maxima arc equal; at the second, the
second and third maxima, and so on. The arches may be
produced below the points of intersection, but these lower
portions of the curves represent secondary maxima in the
(V,, t) curve.

If produced to the left, i.e. towards the origin, the U sin ¢
curve would disclose an infinite series of diminishing arches,
touching the U curve at points corresponding with the fre-
quency-ratios 15, 19, 23, . . . and meeting each other at the
ratios 17, 21, 25, . . . Since these arches all lie within (or
below) the U curve, it is clear that when u = 0 (i.c. €, = 0)
the value of U sin ¢ cannot be greater than unity. According
to the present theory, therefore, the greatest maximum value
of the secondary potential when A2 =: 0-571, which occurs at
% = 0-429, is 1-323 times the value attainable when C, == 0,
even on the supposition that the interruption is perfectly
sudden.

The curves for other degrees of coupling show the same
general characteristics, but there are important differences in
detail. Fig. 10 represents the case A% == 0-71, which gives very
approximately two equal greatest maxima of U sin ¢. In this
case the 3/1 arch has no real point of contact with the U
curve, since the greatest value of 42 which allows the existence
of the 3/1 ratio is 0-64. The summits of the 3/1 and 7/1 arches
have practically equal ordinates, each being, however, well
below the maximum of U. There are thus two “optimum”
capacities, given by u = 0-44 and 0-09, but even with these
capacities the conversion efficiency is only 0-918. It is clear,
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therefore, that the coupling £ = 0-71 is disadvantageous from
the point of view of efficiency of conversion.

The 5/1 minimum occurs at u == 0-176, the value of U sin ¢
being 1-017. In this adjustment the conversion efficiency is
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Fra. 10. VARIATION OF SECONDARY POTENTIAL WITH PRIMARY
Caracity (CATCULATED) AT Couvprana 0-71

only 0-734. It can be shown, by calculation from the expression
(25) for the core flux, that the time in which the flux falls to
zero in the adjustment A% = 0-71, « — 0-176, is only 0-82 of
the time required in the adjustment corresponding to the
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summit of the first arch of Fig. 10. Thus, the less rapid dis-
appearance of flux is accompanied by a higher secondary poten-
tial, a result which is at variance with the earlier theories of
induction coil action.

Fig. 11 shows the curves for A2 = 0-768, the coupling found
by the writer for a certain coil. Tn this casc the greatest value
of U sin ¢ (1-124) occurs in the 7/1 arch, near its contact
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with the U curve. The optimum capacity is given by == 0-11,
the frequency-ratio being 6-801. The 5/1 minimum occurs at
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u = 0-248, and the 3/1 arch has a maximum of 1-038 at
u = 0-46.

Figs. 12 and 13 represent the curves for A* = 0-835 and
k* = 0-9, which are very approximately the second and third
“unit-efficiency ” values of the coupling. In each of these cases
the U curve is touched at its highest point by the U sin ¢
curve; in Fig. 12 by the summit of the 7/1 arch, in Fig. 13
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by that of the 11/1 arch. The optimum values of u for these
cases are 0-165 and 0-0965,* these being practically equal to
the corresponding values of 1 — 42 In Fig. 13 there is no trace
of the 3/1 arch, the smallest value of the frequency-ratio (viz.
VI(1 + k)/(1 — k)] at w = 1) being 6-163, which exceeds the
5/1 limit of this arch.

From these examples it will be seen that while the theoretical
capacity-potential curves for different values of k2 have the
same general features, they differ from one another in certain
important characteristics, such as the relative heights of the
various arches, the ratio of the greatest maximum of U sin ¢
to the neighbouring minimum on the left side of it, the value
of w at which the 5/1 minimum or the 7/1 maximum occurs,
and so on. To each value of A? corresponds a certain form
of capacity-potential curve, so that if the curves could be
obtained by experiment, and if the characteristics of the curves
are not too greatly modified by the resistances, some idea
might be obtained from them as to the coupling of the circuits.
The curves given above refer, as already stated, to the case
of an ideal induction coil in which the resistances are negligible
and in which the interruption of the primary current takes
place with perfect suddenness. To what cxtent the form of
the curves is modified in the working conditions of an actual
coil will be seen in the examples of experimental curves given
in the next section.

Experimental Capacity—Potential Curves. The experimental
curves may be determined for any coil without the use of any
other measuring instruments than an amperemeter and an
adjustable spark gap. A battery, a rheostat, and a variable
condenser are required for the primary circuit. One method
of procedure is to find the greatest secondary spark-length
for a given primary current with various capacities connected
across the interrupter. A better plan, however, is to keep the
distance between the spark terminals constant and determine
for each value of the capacity the least primary current which
will cause the spark to pass. This method is much more con-
venient than the other, since it allows readings to be taken

* The exact value of the third “unit-efficiency” coupling is rather greater
than 0-9, being more nearly equal to 0-9025.
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more quickly; and, further, since the secondary potential of
an induction coil is approximately proportional to the primary
current just before interruption—so long as the current is not
varied beyond certain limits- -and since in this method the
secondary potential is constant, the reciprocal of the minimum
sparking current may (except in certain cases which will be
referred to later) be taken as a measurec of the maximum
secondary potential developed at the interruption of a given
primary current. It is thus unnecessary to know the relation
between the spark-length and the sparking potential. This
method of the constant secondary potential was therefore
adopted in determining the curves shown below, in which the
reciprocal of the least sparking current is plotted against the
primary capacity.

In order that the experiments should include a considerable
number of values of u(= L,C,/L,C,) between 0 and 1, it is
desirable to connect the secondary terminals with a condenser.
This increases L,(', and therefore allows the smaller values of
% to be attained without the employment of very small prim-
ary capacities which might fail to prevent sparking at the
interrupter.

The curves shown were obtained with an 18 in. coil, the
primary of which was movable along the axis of the secondary
so that the coupling could be varied in this way. Methods
for determining the coupling are described in the next chapter.
The secondary terminals were connected with a spark gap
having spherical zinc electrodes and, for the first four curves,
with a condenser of about 0-001 mfd. capacity. The interrupter
was of the hand-operated mercury dipper variety. In the first
four experiments the gap was set at 2-31 mm. (maximum V,
about 9,000 volts), the primary current required to produce
the spark being about 1 ampere. The primary current measured
(ty) was that which caused the sparks to appear at one half
the number of interruptions. It was generally found that the
current could be so adjusted that the sparks passed for con-
siderable intervals at alternate interruptions, a slight variation
of the current one way or the other causing the sparks to fail
altogether or to appear at every break. Preliminary experi-
ments showed where the maxima and minima on the curves
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lay, and after these the points were determined in the order
in which they occur on the curves, beginning with the largest
capacity, and without repetitions. The points marked o were
the actual points observed. Above cach diagram are indicated
some cxperimental values of w (= L,C,/L,C,) the values of
L, and L,C, being determined by methods to be described in
the next chapter.

In the first experiment (Fig. 14) the primary was drawn
out to its most effective position, that is, the position which
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caused the spark to appear at the smallest primary current.
In determining this position, the primary capacity was, of
course, adjusted to its optimum value for each of the positions
compared with it. In the most effective arrangement the
primary coil was more than 1 ft. from its usual symmetrical
position. The coupling was found to be 0-580, practically the
first of the special values of Table I, page 32.

The curve of Fig. 14 should be compared with the full line
curve of Fig. 9, the theoretical curve for an ideal coil in which
the coupling is 42 == 0-571, the first of the values which allow
of unit efficiency of conversion. It will be seen that the two
curves bear a strong resemblance to each other in general
form, each consisting of a series of arches diminishing in height
with diminishing . The relative proportions of the successive
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arches are substantially similar in the two curves, though there
are certain differences in detail. For example, the ratio of
the greatest maximum to the nearest minimum is, in Fig. 9,
1:26 as against 1-19 in the experimental curve of Fig. 14. It
should, however, be remarked in this connection that it is not
easy to determine the experimental minima very exactly. Near
their points of intersection the arched curves are very steep,
so that unless one can proceed by very small steps in the
variation of €, one may easily pass over the exact minimum
point, and the true minimum may be appreciably less than
the minimum actually observed. There is also another reason
why the ordinates at the minimum points are rather too great,
both in Fig. 14 and in the other curves about to be described.
It will be shown later that in the adjustments giving these
minimum points the curve of secondary potential (V,, t) is of
the double-peaked variety corresponding to the frequency-
ratios 5, 9, . . . of the system. In these cases it is found that
the spark passes more easily in the second peak than in the
first, even though the potential is rather lower in the second
than in the first. In other words, if the two peaks are nearly
equal, the least sparking current generally causes the spark
to pass at the second peak. The least sparking current may,
therefore, fail in such cases to be a reliable indication of the
maxvmum secondary potential. This matter will be referred to
again in connection with certain other phenomena.

On the other hand, the maxima in the experimental capacity
potential curves can be determined with greater accuracy, and
closer agreement is found in the ratios of successive maxima
between the curves of Figs. 9 and 14. Taking the ratio of the
greatest to the second maximum in Fig. 9, we find the value
1-146; in the experimental curve of Fig. 14 the ratio is 1-116.
The ratio of the second to the third maximum is 1-056 in Fig. 9,
and 1-048 in Fig. 14.

The two curves also show fairly good agreement in regard
to the values of » at which the maxima and minima occur.
The greatest maximum occurs at u = 0-429 in the ideal curve
(Fig. 9), at 0-414 in the cxperimental curve ; the first minimum
at = 0-105 in the ideal curve, the experimental value being
0-106.
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\
In Figs. 15, 16, and 17 are shown the experimental curves
obtained in three other positions of the primary coil, the values
of the coupling in these positions being respectively 0:699, 0-767,
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and 0-832. These curves should be compared with the theoret-
ical curves of Figs. 10, 11, and 12, which are calculated for
an ideal coil having nearly the same degrees of coupling. It
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will be found on making the comparison that there is in these
cases, as in the case just described, general agreement in form
between the ideal and experimental curves, with similar points
of difference. The most marked general difference between the
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two sets of curves is that the percentage drop from the greatest
maximum to the neighbouring minima is somewhat less in the
experimental than in the ideal curves. The reasons for this
have been already explained. The percentage drop from the
greatest maximum to the next maximum (on the left) is also
rather greater in the ideal than in the experimental curves,
and this difference increases with the coupling. It appears,
therefore, that the effect of the resistances in reducing the
secondary potential is greater the greater the primary capacity,
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and especially so when the coils are closely coupled. One con-
sequence of this is that the position of the primary coil which
gives equal greatest maxima is such that the coupling is rather
less than 0-71, the value for the ideal coil. If, in the experi-
ment, the primary coil had been placed rather farther inside
the secondary, so that k2 was raised to 0-71—a displacement of
about 5 mm. would have sufficed—the second maximum would
have been distinctly greater than the first.

Except in the case of Figs. 12 and 17, the values of u at
which the chief maxima and the points of intersection of the
arches occur, agree well in the ideal and experimental curves.
In Fig. 17, however (k? = 0-832), these values of u are all
less than the corresponding values in Fig. 12 (k% = 0-835).
Thus the greatest maximum occurs at u = 0-146 in Fig. 17,
at 0-165 in Fig. 12, the neighbouring minimum at 0-0844 in
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Fig. 17, at 0-0862 in Fig. 12. These differences cannot be
attributed to a constant error in L; or in L,C,, but more
probably arise from the general distortion—greater at the
higher degrees of coupling—of the capacity-potential curves
due to the resistances.

Use of the Curves for finding the Coupling. The general con-
clusion which we may draw from the experiments just described
and the theoretical curves of Figs. 9-13, is that for each degree
of coupling there is a capacity-potential curve of well-marked
type which is not seriously modified by the resistances in a
well-constructed modern coil of the usual form. This considera-
tion suggests that it is possible to determine approximately
the coupling of an induction coil by spark-length (or minimum
sparking current) observation alone. If two or three of the
principal arches of the capacity-potential curve are thus deter-
mined, a comparison with the curves of Figs. 9-13 will enable
one to form an idea of the value of the coupling. A fairly accur-
ate value may probably be arrived at by taking the ratio of
the two greatest maxima, or the ratio of the values at C, at
which these maxima occur, these features of the curve being
apparently least subject to modification by the resistances.
For example, if the ratio of the first to the second maximum
is 1-13, and the ratio of the capacities at which they occur
is about 7, the coupling is not far from 4% = 0-57. Two equal
greatest maxima at capacities in the ratio 4-8 indicate the
value &2 == 0-7, while equal greatest maxima with a capacity
ratio of about 2-8 point to k% == 0-87.

As an example, the coil used in the experiments just de-
scribed, with the primary coil in its usual position and with
the secondary condenser, gives the curve shown in Fig. 17,
indicating that the coupling is 0-832. When the secondary
condenser was disconnected, the curve obtained was that shown
in Fig. 18, the spark-length in this experiment being 9-6 mm.
The proportions of the arches in Fig. 18 are approximately
the same as those of Fig. 16, and indicate that the coupling
is now about 0-767. The result shows that if the oscillating
current in the secondary coil changes from one of uniform to
one of non-uniform distribution (as it does when the secondary
condenser is removed) the coupling is diminished.
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The curve in Fig. 19 was obtained with the same arrange-
ment but with a much greater spark-length, viz. 15 cm. between
spherical electrodes.

The curve has much the same proportions as that of Fig.
18, showing that over a considerable range the coupling and
the optimum primary capacity are practically independent of
the current.

The present theory, as illustrated by the curves of Figs. 9
to 13, indicates that an induction coil has a certain optimum
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primary capacity, different from zero, even when the inter-
ruptions of the primary current are supposed to take place
with perfect suddenness. Before 1914, several experimenters
had examined the relation between primary capacity and
spark-length, and all had come to the conclusion that as the
capacity is diminished the spark-length rises to a single maxi-
mum from which it falls rapidly at small values of C,. It is
difficult to explain why no arches were observed at that time
in the (C,, V,,.) curves. It was not due to inferiority in the
construction of coils used at that time, for the writer has ob-
tained the arched curves with a very old coil. Probably it was
due to some inferiority in the interrupters or the spark gaps
used by those experimenters. The rapid fall in the spark-length
at small values of C,; was, in fact, attributed to failure of the
interrupter, and it was genecrally believed that with a sufficiently
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quick break a coil would work better without a primary con-
denser. This conclusion seemed to be supported by the late
Lord Rayleigh’s rifle-bullet experiment. This experiment was
repeated by the present writer in 1914* with the coil used in
the experiment of Fig. 19, and in the same adjustment. The
object of the experiment was to determine whether the coil
gave a longer spark with a primary capacity of 0-05 mfd.
(ncarly the theoretical optimum) than it did without any
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condenser. The condenser could be connected to the ends of
a short piece of wire forming part of the primary circuit, and
the interruptions were effected by breaking the wire with a
bullet fired by a service rifle. The result of the experiments
was conclusively in favour of the presence of the condenser,
and this fact, together with the evidence afforded by the arched
(Cy, V,,,) curves described in the present chapter, shows clearly
that the action of induction coils is in the main correctly
described by the theory explained in these pages.

The Optimum Secondary Capacity. T'o consider another prob-
lem of a similar kind we will examine the effect on the maxi-
mum secondary potential of varying the secondary instead of
the primary capacity. At first sight, it might scem that the
value of V,, would increase continually as the secondary

* Phil. May., p. 582 (April, 1914).
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capacity is diminished, and this would, of source, be the case
if the maximum secondary charge were the same for all values
of C,. On the other hand, when the secondary capacity is
varied, the frequency ratio changes, and at some values of
C, the ratio will have those values which are most favourable
to the production of high secondary potential, so that the
(Cy, V,,) curves might be expected to show maxima and
minima similar to those of the (C,, V,,,) curves, and C, might
in consequence have a finite optimum value. The latter view
is the correct one, and the proof is as follows. Employing the
reciprocal ratio m(== 1/u = L,(,/L,C,) we find by equations
(42), (28), (29), for the maximum secondary potential the
expression—

Lty

V, m T Y
’ V(L)

M sing . . . . . (44)

1
e M2 -~
where % 1+ m—24/{m(1 - k)3
and the angle ¢ is given by equations (41). When C, alone is
varied, the only variable factors in (44) arc M and sin ¢. The
quantity M is the same function of m that U is of u (see
equation (27) ), and has a maximum value 1/k when m == 1 - A2
Also, the frequency ratio and the value of sin ¢ depend on the
ratio « but are the same for any given value of this ratio
and for its reciprocal, as is evident from the form of the ex-
pression (14). Consequently, the value of the product M sin ¢
for a given value of m is equal to that of U sin ¢ for the
same value of u, and the value of m required to give the
maximum of M sin ¢ is equal to that of % at the maximum
of U sin .

It follows that if we begin in both cases at an adjustment
in which L,(C, = L,(,, the maximum secondary potential goes
through a series of changes when we diminish the secondary
capacity similar to those which it shows when the primary
capacity is diminished. The (u, U sin ¢) curves of Figs. 9 to 13
are applicable to the present problem if the abscissac are taken
to represent m and the ordinates M sin ¢. So far, therefore,
from the principal maximum secondary potential increasing
indefinitely as C, is diminished, we find that, according to the
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present theory, it goes through a series of maxima and minima
as (', is reduced, remaining finite when C, == 0.

In the adjustments giving maximum secondary potential
when the secondary capacity is varied the values of m are
necessarily less than unity, and are given, for various values
of the coupling, by the numbers in the second column of Table
II, page 38. In fact, the first five columns of Table II are
applicable to these adjustments if the values of u are taken
to represent m, and those of U to represent M.

The condition for maximum secondary potential, when the
secondary capacity is the variable quantity, is, of course, quite
different from the condition for maximum electrostatic energy
in the secondary circuit. The latter is identical with the con-
dition for maximum conversion efficiency, the adjustments for
which have already been discussed. In the adjustments here
under consideration, in which the secondary capacity alone is
varied so as to give a maximum potential, the conversion
efficiency has much smaller values. From equation (44) it is
casily scen that the conversion efficiency, i.e.

L12 02 V2m2

Ly~ Lyig*”
is equal to mk2M? sin®p. The values of this quantity in the
present adjustments are found by multiplying together the
numbers in the sccond and sixth columns of Table II.

The general correctuess of the above theoretical conclusions
concerning the effect of varying ', may be verified by experi-
ment. For this purpose it is advisable to employ a primary
condenser of large capacity, say, 20 or 30 mfd., and to connect
with the secondary terminals a condenser of variable capacity.
If #2 is about 0-57 it will be found that, on C, being reduced
from its greatest value, the spark-length increases up to a cer-
tain point beyond which, with further reduction of C,, the
spark-length diminishes, showing that there is a certain opti-
mum value of the secondary capacity. The diminution of C,
being continued a minimum spark-length will be found, followed
by a second maximum (smaller than the first) in accordance
with the curve of Fig. 9, which, as explained above, should
represent the relation between m and M sin ¢, as well as that
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between u and U sin¢. If A? is approximately 0-71, it will
be found that there are two nearly equal maxima of spark-
length, occurring at different values of (', (compare Fig. 10).

The experiment is somewhat complicated by the fact that
unless the capacity of the secondary condenser is very great
in comparison with that of the secondary coil, the variation
of C, causes a change in the distribution of the current in the
secondary coil, and thus also gives rise to a change in its
self-inductance. 1t is, in fact, usually impossible to vary C,
without at the same time varying L,. There is also evidence,
as we have seen, that the cocfficient of coupling of the primary
and secondary coils varies with the nature of the distribution
of the current in the secondary, and therefore also with the
value of the capacity connected with it. For these reasons it
is not so easy to determine the effect on the secondary potential
of varying (', alone, and thus to obtain by experiment the
(m, M sin ¢) curve for a given value of /?, as it is to examine
the effect of varying the primary capacity, which is usually
so large in comparison with that of its associated coil that
the current in the latter may be regarded as always uniformly
distributed along its length.

With regard to the secondary charge, the maximum value
of this is given by
LoV 1,0,

—r —m M sin ¢ . . . (45)

2
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On the assumption that (', alone is varied, A% having any
constant value likely to be found in an induction coil, the
function mM, i.c. m//[1 + m —24/}{m(1 — k*)}] has no maxi-
mum or minimum value at any finite value of m ; it increases
continually as m increases from zero to infinity. Consequently,
there is no finite " optimum ™ value of C, in relation to the
secondary charge. The charge accumulated in the secondary
condenser at the moment of maximum potential is greater the
greater the capacity of this condenser.

Variation of the Coupling. We will now consider the manner
in which the maximum secondary potential of a coil varies
with the coupling of its circuits, the primary capacity at each
value of 4% being supposed to have its optimum value. The
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results indicated by the theory in this problem, for a coil of
negligible resistances, are contained in Table 1I, page 38, but
the interpretation of them depends upon the manner in which
the variation of coupling is effected. In the first place, we
will represent in a diagram the efficiency of conversion (for
optimum adjustments) at different values of 4% This curve
is shown in Fig. 20, the abscissa being the coupling k2, and the
ordinate representing the efficiency of conversion, some values
of which are given in the sixth column of Table II. The curve
shows a maximum efficiency of unity at each of the values
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of k2, 0-571, 0-835, 0-902, which are the first three values given
in Table I, page 32. It shows also minimum values of the
efficiency at those values of A% (viz. 0-71, 0-87) at which the
two principal arches in the capacity-potential curves are of equal
height, that is, at which there are two optimum primary
capacities (see Fig. 10).

Let us suppose that the secondary terminals of a coil are
connected with a condenser of capacity large in comparison
with that of the secondary coil, and that the variation of
coupling is effected by drawing out the primary coil to various
distances from its symmetrical pesition within the secondary,
the optimum primary capacity, the least sparking current (for
a constant gap), and the coupling, being determined for each
position of the primary coil. In this experiment the initial
electrokinetic energy is proportional to the square of the
primary current, since the primary self-inductance is approxi-
mately constant. Also the maximum electrostatic energy in

5—(5729"
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the secondary is constant, since the maximum secondary poten-
tial is constant, and the secondary capacity, which consists
mainly of the capacity of the condenser, is not appreciably
varied by changing the position of the primary coil. Conse-
quently, the conversion efficiency is inversely proportional to
the square of the primary current ¢,.

The curve in Fig. 21 shows the results of an experiment made
in this way, the ahscissa representing x* and the ordinate 1/:,2.
This curve shows maxima and minima of efficiency at practic-
ally the same values of £% as those indicated in Fig. 20, and the
ratio of the efficiency at

z k2 = 0-58 to that at k — 0-7
z in the experimental curve is
12 | the same as the ratio of the
maximum to the minimum

in Fig. 20. The chief differ-

ence between the curves is

5 06 07 08 that in the theoretical curve

2 . .

Fic. 21 OB@ERVFURFFFI('IEV(*Y or (Flg' 20) the emCIency at
'C:)I*;\’}':HS‘ION AT J.;JFFER]A;NT k* = 0-835 is equal to that
DEerEES OF COUPLING at 0-571, while in the experi-
mental curve it is appreci-
ably less. The difference is too great to be accounted for by the
small error arising from the variation of secondary capacity due
to the displacement of the primary coil, and it must be regarded
as showing that the effect of the core losses is greater at the
higher degrees of coupling. The experimental value of the
efficiency of conversion is, of course, much smaller than that
indicated in Fig. 20 which refers to a coil devoid of resis-
tances. In an actual coil, the efficiency of conversion may be
over 60 per cent, but it can be much lower if the primary

capacity is not adjusted to its optimum value.

With regard to the variation of the maximum secondary
potential in the changes of adjustment just described, the value
of V,, for a given primary current is proportional to 1/i. It
is, therefore, proportional to the square root of the ordinate
in Fig. 21, and has maxima and minima at those degrees
of coupling which give the highest and lowest efficiency of
conversion.
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Series Inductance in the Primary Circuit. Another way of
varying the coupling is to connect in the primary circuit coils
having self-inductance which do not act inductively on the
secondary. If the primary current at break is given, the in-
crease of the total self-inductance of the primary circuit causes
a proportional increase in the magnetic energy 37,¢,% supplied
to the system, and if the process is carried to a certain stage
there will be no diminution—there will generally be an increase
—of conversion efficiency, so that a considerable improvement
in spark-length is to be expected.

The manner in which the maximum secondary potential
changes when the primary self-inductance is increased is shown
—for the ideal case of negligible resistances—by the values
of U sin ¢ given in Table I, p. 38, since the factors L,, and L,C,
in the expression (42), p. 37, for the principal maximum
secondary potential—i.e. V,,, = Ly iU sin ¢/4/L,Cy—are not
altered by connecting external series inductance in the primary
circuit. In Fig. 22 these values of U sin ¢, which correspond,
of course, in each case to the optimum primary capacity, are
plotted as a curve, the abscissa of which represents 1/k2, i.e.
L,L,/L,,L,,, this quantity being proportional to the total self-
inductance of the primary circuit. The full-line curve, the
ordinate of which is proportional to the greatest maximum
secondary potential at cach stage, consists of three portions,
A, B, C, corresponding to adjustments in which the frequency-
ratio m,/m, is near 3, 7, 11 respectively. The points at which
these sections of the curve meet represent those cases in which
there are two equal greatest maxima of V,. The broken-line
continuations of the curves at these points correspond to
secondary maxima in the (u, U sin ¢) curves. At each of these
points of intersection also the efficiency of conversion is a mini-
mum for “optimum ”’ adjustments.

At the points marked a, b, ¢ on the curve, the frequency-
ratio has the exact values 3, 7, 11, and the conversion efficiency
in these adjustments is a maximum. The efficiency curve is
also shown in Fig. 22, by the line DEF, the ordinate of which
represents £2U? sin? g.

Of the adjustments which give the maximum efficiency of
conversion, the one corresponding to the point a clearly gives
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Curve CBA shows the increase of maximum secondary potential accompanying the

addition of series self-inductance to the primary circuit of an induction coil. The

abscissa 1/k® is proportional to the total self-inductance of the primary circuit.

The ordinate represents the greatest maximum of {7 sin @ at each stage. Curve
FED shows the variation of etficiency of conversion.
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the highest secondary potential for a given primary current.
In these adjustments the maximum potential is, in fact, given

by

L L

Vo =1 «/ 22

2 0 L12 02
(see (33), page 31), so that the potential is proportional to the
square root of the total primary self-inductance. The secondary
potential at the point a (k2 = 0-571, u = 0-429) is about 21 per
cent higher than the value at the point b (k%= 0-835, « = 0-165).
When the coupling is varied by adding series inductance to
the primary circuit the first of the unit-efficiency adjustments
(frequency-ratio 3) is therefore more effective than the others,
in the sense that it allows a higher secondary potential to be
developed at the interruption of a given primary current. If
the primary inductance is increased beyond the point a, so
that %2 becomes less than 0-571, the secondary potential con-
tinues to increase, but with diminishing efficiency of conversion.

In the curves of Fig. 23 are shown the results of a series
of measurements in which the coupling was varied by adding
self-inductance to the primary circuit. The abscissa in this
diagram represents 1/k? which, as already explained, is propor-
tional to the total self-inductance of the primary circuit. In
the upper curve the ordinate is 1/i,, the reciprocal of the least
sparking current for a constant gap, which is proportional tc
the maximum sccondary potential for unit primary current
In the lower curve, the ordinate is k%/ig> which is inversely
proportional to L2, and is therefore—since the maximum
secondary electrostatic energy is constant throughout the series
—proportional to the efficiency of conversion.

The general similarity between the curves of Fig. 22 anc
those of Fig. 23 is obvious, and the numerical agreement be-
tween them is also in some respects very close. Thus, the
values of 1/k* at which the maximum and the minimum oi
efficiency occur (lower curves) are much the same in the two
diagrams, and the increase of maximum secondary potential
per unit primary current for a given increase of primary self-
inductance (upper curves) is in the same proportion in an actual
coil as it would be if the resistances were entirely negligible.
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It may be noticed that the upper curves in Figs. 22 and 23
do not differ greatly from straight lines. It may, therefore,
be stated as an approximate rule, applicable over a wide range,
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The upper curve shows the variation of secondary potential, the lower curve that of
the efficiency of conversion, with total primary self-inductance.

that if the coupling is reduced by adding series inductance
to the primary circuit, the primary capacity being always ad-
justed to its optimum value, the increase of the maximum
secondary potential for a given primary current is proportional
to the increase of the self-inductance of the primary circuit.



THE MAXIMUM SECONDARY POTENTIAL 63

The Effect of Partly Closing the Core. The variation of coup-
ling caused by partly closing the iron core has been referred to
in Chapter I. The present theory is applicable to such varia-
tion provided the core is not so nearly closed that the mag-
netizing current and the magnetic flux deviate too far from
the approximate proportionality assumed. The effect on
the secondary potential may be seen from the expression
Lyyio U sin @)/ (Ly,Cy) for this quantity. The factor L, /V/L,
is increased by the reduction of magnetic reluctance of the
core, since L,, and L, arc inversely proportional to the reluct-
ance. The factor U sin ¢ is slightly diminished owing to the
increase in the coupling (see Table 1I, page 38, or Fig. 22,
page 60). As to the secondary capacity C,, there seems to be
no reason for supposing that this quantity is sensibly altered.
The principal effect is thus the increase of L, /V Ly, and the
theory thercfore indicates that a higher secondary potential
should be obtained for a given primary current with the nearly
closed than with the usual straight core. On the other hand,
if the coupling is very close, the factor U sin ¢ cannot be large
(see Table IT), and a considerable improvement in spark-length
for a given current can be effected without loss of efficiency
by connecting suitable series inductance in the primary circuit
80 as to bring the system into the first of the adjustments of
Table I, page 32.

Reduction of Number of Secondary Turns. Some coils are
made with a comparatively small number of secondary wind-
ings, and we will, therefore, consider here briefly the effect
to be expected as a result of a diminution of this number.
For this purpose, we may suppose the system to be in one of
the adjustments of Table I, so that the maximum secondary
potential is, by (33), page 31,

A
Ve = ~/z‘ ¢,

A reduction of the number of sccondary turns will generally
involve a diminution of the secondary capacity C,, which is
the only variable quantity in the expression for V,,. Conse-
quently, if the system can be kept in the same adjustment we
should expect a diminution of the number of secondary turns
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to result in an increased secondary potential for a given
primary current.

On the other hand, the reduction of the secondary turns
involves a more than proportional diminution of the product
L,C,, and therefore also of the primary capacity required to
keep the system in adjustment. Now, one of the factors upon
which the effective working of an interrupter depends is the
initial rate of rise of the primary potential V,, and this, by
the first of equations (20), is equal to ¢,/C,. The effectiveness
of an interrupter in breaking strong currents is, therefore, re-
duced by diminishing the capacity associated with it, and this
fact sets a limit to the advantage in secondary potential which
may be gained by reducing the number of secondary turns.

Change of Dimensions of a Coil. ILet us suppose that all the
linear dimensions of an induction coil, including the length
and diameter of the core and of the windings, the length and
breadth of the plates of the condenser, and the thickness of
the insulation in all parts, are increased in the same ratio.
We shall assume that the coil is initially in one of the unit-
efficiency adjustments (see Table I, page 32), and shall neglect
damping, so that the maximum secondary potential is given by
= 1, é‘ 112}_

NC 2 ¥ Ly,

By the change of size the inductances and capacities of the
system are all increased in proportion to the linear dimensions,
consequently the coupling and the ratio L,C,/L,C, are unaltered
and the above equation still holds. Since the second and third
factors in the expression for V,,, are unchanged, it follows that
any improvement in the secondary potential can only arise
from the use of a stronger primary current ¢,. On the view
that the arcing tendency at the interrupter depends upon the
ratio ¢,/C, we should suppose that the primary current is in-
creased in proportion to the capacity of the condenser; if the
original current was the greatest that could be efficiently inter-
rupted, the new current will then also possess this property.
Further, in accordance with the principle of similarity as stated
by Lord Kelvin for electromagnetic systems, if the current is
increased in proportion to the linear dimensions the magnetic

V2m
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force and the flux-density in the core are unaltered, so that
if the original current was such as to give the inductances their
greatest values, the new inductances will also be maxima. We
shall therefore assume that the primary current is increased
in proportion to the length of the coil, and it follows that the
maximum secondary potential is also increased in the same
ratio.

The question arises here whether the change of dimensions
would be accompanied by such increase of the effective resis-
tances of the coil as would greatly increase the damping of
the oscillations and so reduce the maximum secondary poten-
tial. The general nature of the effect of change of dimensions
on the effective resistances may be seen by considering a single
coil with laminated iron core, having self-inductance L and
effective resistance R, the terminals of which are connected
to a condenser of such capacity that the period of oscillation
is 7. The decrement of the oscillation of the coil, reckoned
for a quarter of a period (the interval with which we are con-
cerned in induction coil problems), is BT'/8L.

It is known that by far the greater part of the effective
resistance of the coil arises from losses in the core due to eddy
currents and hysteresis. With regard to the eddy current loss,
the increase of effective resistance of the coil due to this cause
depends greatly on the thickness of the core laminae, and it is
inversely proportional to the square of the period of oscillation.
It can be shown that if the thickness of the core sheets is not
altered, the change of dimensions of the coil has no effect on
the ratio R/L so far as the eddy current loss is concerned, but
since the period 7' is increased in proportion to the linear
dimensions, the decrement is also increased in this ratio. As
to the hysteresis loss, it can be shown that the increase of
effective resistance due to this cause in the change of dimensions
has no effect on the decrement. On the whole, it is to be
expected that there will be some increase of effective resistance
(due to eddy currents) when the dimensions of the coil are
enlarged, even on the supposition that the thickness of the
core sheets is not altered.

We have supposed, however, that the number of turns in
the primary and the secondary coil is not altered when the
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dimensions are changed, but that the diameter of each wire is
increased in proportion to the length or the diameter of the
coil. The area of the cross-section of each wire is, therefore,
increased in proportion to the square of the linear dimensions,
and is unnecessarily great for currents which are only propor-
tional to their first power. It is probable that the effect of
the increased cffective resistances of the enlarged coil could be
more than compensated by reducing the thickness of the prim-
ary and secondary wires and increasing their numbers of turns,
thus increasing L, without increasing C, and without altering
the adjustment of the system. There seems to be no good
reason for doubting, therefore, that the maximum secondary
potential obtained with a coil is proportional to its linear
dimensions.

A certain coil examined by the writer, when used with a
series inductance in the primary circuit, gave 239,000 volts
at the interruption of a current of 4 amp. It appears reason-
able to expect that a coil four times as large, with series coil
and condenser increased in the same ratio, would give a million
volts with a primary current of about 16 amp.



CHAPTER II1
OSCILLOGRAPHS. WAVE FORMS

I~ the experimental study of induction coils and transformers,
it is very desirable to have some convenient means of observing
wave forms of secondary potential, i.e. the (V,, t) curves, which
show the manner in which the secondary potential varies with
the time. An examination of these curves gives us information
as to the component oscillations present and the way in which
the potential grows to its maximum value, and affords a method
independent of spark-length observation for comparing the
maximum potentials in different cases.

It need scarcely be said that the instrument used in obtaining
the curves should not itself take any current, i.e. it should be
an electrostatic instrument, and should have very small cap-
acity, so that its addition to the secondary circuit does not
too greatly alter the period of oscillation of this circuit or the
distribution of current along its length.

At the present time cathode ray oscillographs, in which a
wave form is traced by a narrow pencil of cathode rays focused
on a fluorescent screen, form a familiar part of the equipment
of most Physics laboratories. These instruments are, however,
usually much too sensitive to be suitable for direct connection
to the secondary terminals of an induction coil, and they require
a reduction of the potential to a suitable value by the use
of condensers or high resistances, the presence of which is apt
to modify considerably the conditions of the circuit. For photo-
graphic purposes, also, the cathode ray oscillograph is inferior
to those instruments in which the wave form is shown by an
intense pencil of light reflected from a small moving mirror
and sharply focused on the plate. The disadvantage of mirror
oscillographs arises from the limited natural frequency of
vibration of the moving parts (when undamped), which makes
these instruments quite unsuitable for the delineation of high-
frequency wave forms. For photographing the wave forms of
oscillations of moderate frequency mirror oscillographs are,
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however, more suitable and convenient than instruments of
the cathode ray type.
Electrostatic Oscillograph. The following is a description of
a mirror electrostatic oscillograph designed by the writer*
for this purpose. It has very small capacity, can be connected
directly to the secondary terminals of a coil or transformer,
and may be used over a wide range of voltage, viz. 2,000 to
over 200,000 volts ; the upper limit (if such exists) has not been
ascertained.
A piece of phosphor-bronze strip, 8 (Fig. 24), is soldered
at one end to a terminal on an ebonite pillar, P, and at the
r_ _
P — — P
Rl M R

L hai===la

Fia. 24, Dracram or ELECTROSTATIC OSCILLOGRAPH
P P — Ebonite pillars. L ~= Spring.
R R = Glass rods. K - Ebonite sheath containing
S == Strip. attracting plate.

M - Mirror. N = Adjustable platform.

other to a small spiral spring, L, attached to a screw. A second
ebonite pillar supports the screw which can be drawn through
by a nut, thus allowing the tension of the strip to be varied.
The strip rests horizontally against two vertical glass rods, R,
about 1-5cm. apart. To the middle of the strip is attached
a small mirror, M, of very thin silvered glass, rectangular or
triangular in form, and 1 or 2sq. mm. in area. In front of
the strip, and connected to the terminal by a thin wire, is a
thin plate of copper (not shown in the figure) bent so that
its edge faces the strip and is less than 1 mm. from it. A gap
in this plate allows a beam of light to pass to and from the
mirror. Behind the strip is another thin plate of copper im-
bedded in a sheath of ebonite, K, and also with its edge facing
* Phil. Mag., p. 238 (Aug., 1907).
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the strip. The whole is mounted on an ebonite support, in-
verted, and placed in an ebonite vessel provided with a small
window and filled with a transparent, insulating oil of suitable
viscosity and of fairly high dielectric strength. It is also desir-
able that the oil should have a high specific inductive capacity.
Heavy paraffin oil or castor oil, the latter diluted if necessary
with a thinner oil, may be used as the damping liquid.

A small platform, N, of ebonite tipped with cork can be
raised by a screw until it comes into contact with the lower
edge of the mirror. A horizontal adjustment of the platform
then allows the mirror to be tilted so that the reflected ray
can be made horizontal, or can be given any desired small
elevation.

The phosphor-bronze strip is thus between two plates, to
one of which it is connected. If the plates are charged to a
difference of potential, the strip is repelled by one plate and
attracted by the other. The mirror then, since one of its edges
is fixed, is deflected through a small angle proportional to the
square of the difference of potential of the plates, as in the
idiostatic use of the quadrant electrometer. A beam of light,
proceeding from a small circular aperture illuminated by an
arc lamp and condenser, passes through a convex lens and
is reflected by the small mirror on to a rotating concave mirror,
driven by a motor. It is finally focused so that an image of
the aperture is formed on a plate of ground glass or on a photo-
graphic plate.

A tuning-fork carrying a small mirror is mounted vertically
in front of and close to the window of the oil vessel. A part
of the beam of light falls upon this mirror, whence it is reflected
to the rotating mirror and focused on the plate. When the
concave mirror rotates, two horizontal lines are thus traced
by the spots on the ground-glass plate. By adjusting the small
platform one of these traces can be brought to a short distance
from the other. At a certain point of the rotation of the mirror
the tuning-fork is struck by a hammer worked by a lever,
after the manner of a pianoforte-key action. Another lever
may be used for working the interrupter.

The arc lamp is enclosed in a light-tight case and the whole
apparatus is set up in a dark room.
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The same moving system may be used for all ranges of
potential, but different ebonite sheaths with the attracting
plates imbedded in them are required. These may be screwed
in at the back of the oil bath, or a number of oil baths may

Wa
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Fia. 26. Diac¢ram or CURRENT OSCILLOGRAPH

P - Ebonite plate. M = Mirror.
bb = Glass “bridges.” L = Spring.
S = Strip. » p ~ Magnet pole pieces.

be used with the sheaths and attracting plates fixed in them.
For the lowest potentials, no ebonite sheath is required, the
bare attracting plate being brought close up to the strip.
For 200,000 volts the strip and the attracting plate must be
separated by 1 cm. of ebonite.

Fig. 25 shows an electrostatic oscillograph of this kind made
for the writer by the Cox-Cavendish Electrical Company.

It has already been stated that the deflection of the mirror
is proportional to the square of the potential difference applied
to the terminals of the instrument. This is in some respects
a disadvantage—the curves would in. some cases be easier of
interpretation if the deflexion were simply proportional to the
potential—but any such disadvantage is largely outweighed
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by the greater simplicity, both in the construction and in the
use of the instrument, arising from the idiostatic method of
connection. It is also an advantage of this method, when the
photographed curve is to be used for the measurement of a
period of oscillation, that the minimum, i.e. zero, points of
the curve, which frequently form excellent marks for measure-
ment, all lie in or near the zero line. (See, for example, Fig.
28 on page 74.)

Current Oscillograph. A somewhat similar method may be
employed in the construction of a simple form of instrument
for showing the wave form of the current. For this purpose
the strip is mounted on an ebonite plate P (Fig. 26) which has
a central aperture to admit the light, and which carries also
two short projecting glass “bridges” against which the strip
rests. The plate P is supported by a brass rod (sce Fig. 27)
which can be moved vertically and horizontally so that the
strip and mirror can be brought within the narrow gap between
the polepieces of a permanent magnet. One of the polepieces
is tipped with a very thin sheet of cork for holding one edge
of the mirror. The whole is immersed in an ebonite oil-bath,
and the instrument is suitable for use in a high- or a low-tension
circuit. Fig. 27 shows the parts of a current oscillograph made
in this way.* In this instrument, the gap between the pole
faces is 15 mm. wide, and the instrument is suitable for cur-
rents up to 0-2 amp. in the strip, shunts being used for stronger
currents.

Wave Forms of Secondary Potential. In all the oscillograms
shown in this book the movement is from right to left, and the
lower curve is the tuning-fork curve each wave of which repre-
sents 1/768 second.

The following series of photographs, Figs. 28 to 37, shows
a number of oscillograms obtained with the electrostatic oscillo-
graph which was connected directly with the secondary ter-
minals of an induction coil. In each case, the terminals were
insulated, so that no discharge passed between them. The

* The writer is much indebted to Messrs. Joseph Lucas & Co., who (through
Dr. J. D. Morgan) kindly presented the horseshoe maghet used in this instru-
ment, and to Messrs. Hadficlds, Ltd., who generously gave the soft iron for
the polepieces. Both the magnet and the iron have proved to be admirably
suited for their purposes.
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curves indicate the wave of potential set up in the secondary
at “break.”*

In Fig. 28, only one oscillation (frequency about 200) is in
evidence. The constants of the circuits in this experiment were

Fia. 28. POTENTIAL OSCILLOGRAM. SINGLE OSCILLATION
The deflection is proportional to the square of the potential.

such that the frequency ratio was 24, and the more rapid
component, having an initial amplitude 24 times as small as
that of the oscillation shown and being also more strongly
damped, does not appear in the photograph.

Fic. 29. DouBLE OSCILLATION. FREQUENCY RaTiO 3/2

In the experiment in which the photograph shown in Fig. 29
was taken the usual iron-core primary was replaced by a coil
without an iron core in order to increase the frequency of the
slower component and, by diminishing the coupling, to reduce

* Sve also Journ. Roént. Soc., Vol. XVI, April, 1920.
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the frequency ratio. The curve evidently represents a double
oscillation, the frequency ratio is about 1-5, and the actual
frequencies are approximately 1,400 and 2,100. The curve
shows the periodic variations of amplitude—the ‘““beats” of

Fia. 30. DouBLE OsciLLATION. FREQUENCY RATIO 3

acoustics—which occur when two oscillations of rather small
frequency ratio are superposed. In this case there are 700
“beats” per second. In this experiment the frequency of the
more rapid component was rather too great to allow the wave
of potential to be accurately shown by the oscillograph, some

F1a. 31. Two BREAKS AND A MAKE BY MOTOR INTERRUPTER.
MaxiMmuM PoTENTIAL 118,000 Vorts

of the minimum points which ought to be in the zero line
being considerably above it.

In Fig. 30 the frequency ratio is 3. The coupling in this
experiment was reduced to the value 0-58 by moving the prim-
ary coil (iron cored) to a suitable distance along the axis of
the secondary, and the capacity was then adjusted to its
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optimum value (see page 47). The system was, therefore,
practically in the first adjustment of Table 1 (page 32). The
oscillogram in Fig. 30 shows the peaked maxima and the

Fra. 32. FrReEQUENcY RaTio 3:75

flattened zeroes characteristic of the 3/1 frequency ratio (com-
pare Fig. 6, page 30).

Fig. 31 shows another example of a 3/1 ratio curve, a motor
mercury interrupter being used in this experiment. The curve
shows the effect of two successive breaks, that of the compara-
tively very small secondary potential at ‘“make’ being just
noticeable in the photograph at about three-quarters of the
interval between the two breaks. In the experiment of Fig. 31,

Fic. 33. FrEQUENCY RaTio 5

the system was again nearly in its most efficient adjustment,
the coupling in this case being reduced to the value 0-56 by
the addition of series inductance to the primary circuit, and
the primary capacity being the optimum (see Figs. 22, 23).
The maximum potential was 118,000 volts, the mean primary
current 0-3 amp., and the current at the moment of break
rather over 2 amp.

In Fig. 32 the frequency ratio is 3-75; in Fig. 33 it is 5
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(compare Fig. 6), the potential at each of the two equal peaks of
the curve in the latter case being 55,000 volts. In Fig. 34 the

Fra. 34. FreQueRcy Ratio 6. Maximum PoTENTIAL 125,000 VoLTs

frequency ratio is nearly 6, and the maximum potential indi-
cated is 125,000 volts.

Fig. 35 is the oscillogram for a case in which the frequency
ratio was 7, the second maximum of the more rapid oscillation
coinciding with the first maximum of the slower component

Fia. 35. FreQuENcy Ratio 7

(compare Fig. 6). In Fig. 36 the ratio is nearly 9, the third
minimum of the higher frequency component occurring very
slightly after the first peak of the main oscillation (see Fig. 6).
In this experiment the system was approximately in the ad-
justment corresponding to the second minimum (counting from
the right) in the capacity-potential curves of Fig. 10 (page 43)
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and Fig. 15 (page 49), the coupling being 0-7 and the ratio
L,C,/L,C, being 0-046.

These examples show that the experimental wave form of
the secondary potential of a coil is determined by the ratio

tttttttdbbtbtttbbbbtttAAAAMM
Fic. 36. FREQUENCY RaTiO 9

of the frequencies of the two component oscillations in the

manner indicated by the theory of the ideal coil (without

resistances) explained in Chapter II. Some examples of the
comparison of the experimental wave forms with the curves

Fia. 37. SECONDARY PoTENTIAL WAVE FormMs. WEHNELT
INTERRUPTER

calculated from the constants (including the resistances) of the
circuits will be given later in the present chapter.

Fig. 37 shows two wave forms of the secondary potential
of a coil worked by a Wehnelt interrupter, the lower curve
being taken when the secondary terminals were connected with
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an X-ray tube, the upper curve when the terminals were insu-
lated. The tube was ‘“hard” at the time and was not passing
much current. The chief difference between the curves is in
the value of the potential, which is rather lowered in the lower
curve by the discharge. The primary current was the same for
both curves. The form of these curves suggests that in the
Wehnelt interrupter “make’ occurs very soon after ““break.”

The High Tension Transformer. A high tension transformer
may be worked with a battery and interrupter in the manner

Fi1¢. 38. Crosep CORE TRANSFORMER WITH INTERRUPTER.
SECONDARY POTENTIAL

usual with induction coils, and an examination of a transformer
used in this way yields valuable information as to the effect
on the secondary potential of a coil of closing its iron core.
The chief effects to be expected as a result of closing the core
are increase of the coupling and of the core losses. Conse-
quently, we should expect the oscillations of a transformer to
be characterized by high frequency ratio and strong damping,
both of which anticipations are borne out by experiment.
Fig. 38 shows the wave of secondary potential of a closed-
core transformer at the interruption of a primary current of
4-5 amp. supplied by a battery. The curve represents a single
very strongly damped oscillation of maximum potential
96,800 volts, a performance which (owing to the damping)
is much inferior to that of an ordinary open-core induction
coil. In the experiment of Fig. 38 the primary capacity was
0-2 mfd., and the more rapid component oscillation was too
small and too strongly damped to be shown in the photograph.
The higher frequency component may be brought into evidence
by increasing the primary capacity or by adding series induc-
tance to the primary circuit so as to reduce the coupling.
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Fig. 39 shows two photographs obtained when a small series in-
ductance was included in the primary circuit of the transformer.
In the lower curve the primary capacity was 0-3 mfd., in the

F1o. 39. SECONDARY OSCILLATIONS 0r TRANSFORMER WITH SERIES
INDUCTANCE AND CONDENSER IN PRIMARY

upper curve 1 mfd. In both curves the more rapid oscillation
is plainly shown, having still, however, a frequency many times
as great as that of the slower component. The primary cur-
rent at break was the same in both curves of Fig. 39 (4:8 amp.),

Fia. 40. OsCILLATION OF SECONDARY CIRCUIT OF TRANSFORMER

the maximum potential being in the lower curve 100,000 volts,
in the upper curve 96,000 volts.

If the interrupter is used without a condenser, the curve
shows the single oscillation of the secondary circuit alone, unin-
fluenced by the primary current. A curve obtained in this
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way (C; = 0), from which the period and damping factor of
the secondary coil can be obtained, is shown in Fig. 40.

In order to obtain a comparison of the secondary voltage of
a transformer when supplied with alternating current with that

Fic. 41. TRANSFORMER WITH A.C. AND INTERRUPTER
Secondary voltage.

produced by interrupting the primary current the transformer
may be connected to an A.C. source through an interrupter.
Fig. 41 shows a curve obtained in this way, the A.C. supply
being at 205 volts, 4-6 amp. (R.M.S.), 50 ~, and the capacity
connected across the interrupter being 0-2 mfd. The curve

e N N S e N

Fice. 42, TRANSFORMER WITH A.C. AND INTERRUPTER
Maximum A.C. voltage 76,500, peak potential at break 126,000 volts,

shows one complete alternation of the A.C. potential followed
by the potential at ‘“break” which occurs almost when the
primary current is at its maximum value. In this case, the
maximum potential at break is 1-8 times the maximum A.C.
potential in the secondary circuit.

Another example is shown in Fig. 42, taken with a larger
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primary capacity (1 mfd.). In this experiment, the maximum
A.C. secondary potential was 76,500 volts, the maximum after
“break” being 126,000 volts. In Fig. 43, the maximum poten-
tial after break is three times as great as the maximum A.C.
value.

When it is remembered that the closed-core transformer is,
as compared with an induction coil, very ineffective when used
with an interrupter, it is obvious that as a means of producing
high secondary potential the induction coil is far superior to the

F1c. 43. TRANSFORMER WITH A.C. AND INTERRUPTER
Secondary voltage,

A.C. transformer. On the other hand, if it is desired to drive as
much current as possible through an X-ray tube the A.C. trans-
former is (for a given P.D. at the primary terminals) superior
to the coil. In the transformer, the reduction of the impedance
of the system due to the discharge calls up much more current
from the supply, an effect to which there is no parallel in the
action of induction coils.

Determination of the Constants of an Induction Coil. In order
to be able to calculate the secondary potential produced by an
induction coil at the interruption of a given primary current
from the constants of the circuits it is sufficient to know the
values of the six quantities L,C,, L,C,, k?, L,,, R,/L, and R,/L,.
From these quantities and the primary current may be cal-
culated the frequencies, initial amplitudes, damping factors,
and phases of the two oscillations of the coupled system, and
the secondary potential at any time after the interruption of
the primary current.

In determining the six constants, oscillation methods should
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be used as far as possible in order to ensure that the circum-
stances in which the measurements are made are similar to
those existing in the working conditions of the coil. Some of
the constants are determined by measuring frequencies of
oscillation from photographed curves obtained with the elec-
trostatic or the current oscillograph. If the frequencies are
found by comparison with the tuning-fork curves, as explained
on page 72, it is important to remember that a correction may
be necessary owing to the fact that the oscillograph and fork
spots sometimes do not cross the plate with the same velocity.
If T is the period of the electrical oscillation to be determined,
T’ that of the tuning-fork, 1 the wave-length of the oscillograph
curve, A’ that of the corresponding portion of the tuning-fork
curve, » and v’ the velocities across the plate of the rays re-
flected from the oscillograph and the tuning-fork mirrors re-
spectively, then 7' = T"4v'/A’v. The ratio of the velocitics of
the rays in any part of the plate can be found by photographing
the two spots, and measuring the distance between them, when
stationary in various positions on the plate.*

The coupling 42 may be determined by finding the frequency
of oscillation of the secondary circuit first with the primary
coil open (the primary condenser being disconnected), then
with the primary short-circuited. The ratio of the squares of
these frequencies is 1 - 22 In this experiment the oscillations
are photographed with the help of the clectrostatic oscillograph
connected to the secondary terminals, and are started by
sparking to these terminals with an auxiliary coil.

The quantity L,C, is best found by removing the primary
coil from the secondary and determining its period of oscillation
with the current oscillograph which is connected in series with
the coil, the battery, and the interrupter. Unless the damping
of the oscillation is excessively great, the period is equal to
27V/L,C,. Another method for L,C, is to couple the primary
coil very loosely with the secondary and to find the period
with the electrostatic oscillograph connected to the secondary
terminals. With a small correction for the reaction of the
secondary current the expression for the period of the primary
is 274/ {L,C4(1 - k®>m)}, where k* is the coupling in the

* Phil. May., p. 243, (Aug., 1907).
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circumstances of this experiment and m is the ratio L,C,/L,C,,
both of these quantities being small.

With regard to L,C, this quantity is best determined by
reinserting the primary coil in the secondary, disconnecting
the primary condenser, and connecting the secondary terminals
to the electrostatic oscillograph. The oscillation being started
by interrupting a suitable primary current, the period is given
by the expression 27V L,C,, from which the value of L,(, can
be determined for the actual conditions as regards capacity
and distribution of current which exist in the coil in working
conditions. An example of a curve of secondary potential
obtained by this method (€, = 0) is shown in Fig. 40, page 80.

The coefficient L,, of induction of the primary coil on the
secondary, i.c the “mutual inductance” of the coils in the
ordinary sense, may be determined by comparison with a
standard mutual inductance by the ballistic galvanometer
method. This experiment should be made with a number of
different currents in the primary circuit in order to find the
current at which L, has its maximum value, the range of
current over which L,, is practically constant, and its variation
at other currents. If the primary self-inductance L,, the coup-
ling and the secondary self-inductance L, for uniformly dis-
tributed currents in the secondary coil are known, the value
of Ly, may also be found from the relation Ly, = kv LyL,.

The ratios R,/L,, R,/L,, are determined from the logarithmic
decrements of the oscillations used in determining [L,C; and
L,C,. 1f yis the ratio of the amplitudes at two successive peaks
in one of these photographed curves, 7' the period of the
oscillation, then R,/L, (or R,/L,) is equal to 1" log, .

Expressions for Secondary and Primary Potentials. The
general expression for the secondary potential after ““break”
is of the form—

V, = A,e fitsin (2an,t — 6,) — Ase F sin (2mnyt — 9,),
where A,, A, are the initial amplitudes, &,, k£, the damping
factors, and - §,, — 8, the initial phases of the two component
oscillations.

Unless the damping factors are excessively great the fre-
quencies are given with sufficient accuracy by equation (13),
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page 6, and the initial amplitudes are those given in the expres-
sion (21), page 12, for the case when the resistances are negligible.

Employing a notation suggested by Drude*, the expressions
for the damping factors are—

ky, = 4722 (0‘_;—02— ) N T

ky = dm2n 2 (6_1—";232 + ﬁ) . . . . . (47)
in which 0, = gfl L,
0, — li L,Cs.

and f=- i’:"‘_‘%(al—02><L1(;1-L202> L 8)

The initial phases are given by-—-

n,> -+ n}
tan §, == 27, § 20— -
My? — Ny’

(0y~ 20, - 02)§

©

(49)
Ny
tan 0, — - = tan 9,
ny

Where 0, is written for  R,C',, R, being the ordinary ohmic resis-
tance of the primary circuit, i.e. its resistance for steady currents.
The solution for the primary potential has been given by
Dibbernt in the form---
, Zmonlfn 9 N 1
V= — =\ LC -,
C’,(n_ - n,3) cos e 472n,

2w NN
0“1 172 1l
L,C, -

> e hlsin (27n,t — e)

1 ot .
- Je*'sin (2mn,t—e,) (50)

- Ci(n2 = n2) cos e, 47%n 2
where
S 8mpnn,® | 27, L,C1(6, - 0, - 2B)
sin e = 2mn, R,C; - P -+ L-xcrx T 1jintng
. Swﬁnl ny  2mm,L,C.(0, - 0, - 28)
e, = 2m,R (| + ——— + ———
s, = 2maloCy T T L0, - ka2

* Ann. d. Physik, 13, p. 512 (1904).
t Ann. d. Physik, 40, p. 935 (1913).
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Comparison of Calculated and Observed Wave Forms. Two
cexamples are given here of the comparison of the calculated
and observed wave forms of secondary potential,* the coil
examined in both being that used in the experiments of Figs.
14 to 19, pages 47-53. In the first, the secondary terminals
were connected only to the electrostatic oscillograph and a

Yocrs
/\ 258 700‘
5 N\
[\J \
4 /\ 200,000

S
/ \ // \ 100 060
IV )

0 | 2 3 4 5 ©
t. 103sec.

Fia. 44, CancunaTep SEcoNDARY VornTacr Corve (V,2)

spark gap having spherical electrodes 2 cm. in diameter, and
the primary capacity was 3 mfd.
The constants determined in these conditions were—

L,C; = 5822 . 107 c.g.s. k? = 0-768
L,C, = 1114 . 107 c.g.s. R,/L, = 149
L,, = 20-4 henries R,/L, = 215.

The calculated frequencies were n, = 194-3, n, = 1,063, and
the calculated wave form of the secondary potential squared
(for 4o = 10 amp.) is shown in Fig. 44. The oscillograph curve

* Other examples of this comparison aro given in The Theory of the Induction

Coil, Chapter VII, and in Phil. Mag., p. 28 (Jan., 1909); p. 706 (Nov., 1911);
and p. 565 (April, 1914).
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(taken at 4y, = 3-8 amp.) is shown in Fig. 45. The agreement
between the two curves shows that the frequencies, phases,
and damping factors of the two component oscillations are well
represented by the formulae given in the previous section.
With regard to the maximum value of the secondary potential,
the smallest primary current ¢, which was capable with this
arrangement of giving at break a secondary spark 1cm. long
was found, when inserted in the theoretical expression for V,,
to give a maximum of 31,000 volts, in agreement with the

Fi¢. 45. OBSERVED SECONDARY VOLTAGE (C'URVE

generally accepted value for this spark length. The curve of
sparking potentials given in Fig. 5, page 23, was determined
by observations and calculations on this arrangement.

In the second example,* the coupling of the coil was reduced
by the addition of series inductance (in the form of air-core
coils) to the primary circuit, and the primary capacity was
adjusted to its optimum value, 0-2 mfd. The constants for
this case were—

L,C,=511. 103 c.gs. k? = 0-560
LC,=1142 = 107c.gs. R,/L, = 680
L,, = 20-4 henries R,/L, = 825.

The frequencies were n, = 413-9, n, = 1,208, and the system
was nearly in the first of the adjustments of Table I, page 32,
the frequency ratio being 2:919, and the value of u (= L,C,/L,C,)
being 0-447.

In Fig. 46 (4) are shown the two component oscillations in
the wave of secondary potential separately (calculated for

* Phil. Mag., p. 1 (Jan., 1915).
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1o = 10 amp.), and Fig. 46 (B) is the result of their superposi-
tion. It will be seen that two positive maxima occur almost
simultaneously at about ¢=- 0-0006 sec., giving rise to the
maximum secondary potential (596,900 volts) at this instant.
Fig. 47 is the calculated V% curve. and Fig. 48 the corresponding

7
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A = Component oseillations in secondary.
B = Resultant oscillation 1in secondary.

oscillogram taken at 7, = 2 amp. In both of these curves, the
waves have the peaked summits and flattened zeroes which
characterize the 3/1 frequency ratio. The curves also agree
well in period and rate of decay. The calculated maximum
at i, = 2 amp. is 116,000 volts, the observed spark length at
this current being 18-2 cm.

The primary potential was also calculated for this case by
Dibbern’s formula (see page 85), the result being shown in
Fig. 49. In this diagram A represents the two primary potential
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oscillations separately, B the result of their superposition. The
initial amplitudes of the two primary potential components
are nearly equal, as required by the condition » = 1 — k2, which

L

\ |

R
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1 [ /
JIRV/E\NA

0 1l 2 3
t.10%ec.

Fia. 47. CALCULATED SECONDARY VOLTAGE CURVE (V,?)

is here approximately fulfilled. It will be seen from Fig. 49 (B)
that the potential of the primary condenser reaches a maximum
of 6,800 volts at about 0-00025 sec., and a minimum of 2,250

F16. 48. OBSERVED SECONDARY VOLTAGE CURVE

volts at about 0-00065 sec. after the interruption. Thus, at

the moment at which the secondary potential reaches its

greatest value the primary condenser, instead of being un-

charged, as would be the case if the damping coefficients of
7—(5729)
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the two oscillations were zero or equal (see Fig. 7, page 34),is
still charged to about 2,250 volts. The effective resistances
therefore act in two ways in reducing the conversion efficiency
of the arrangement. First, they give rise to dissipation of energy
and consequent decay of both oscillations. Second, owing to the
difference between the damping factors of the two oscillations,
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A \
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¢ 107 see.
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A - Component oscillations in primary.
B = Resultant oseillation in primary.

there is some energy stored in the primary condenser at the
moment when the secondary potential is at its maximum.

The conversion efficiency may be calculated as follows:
The maximum secondary potential (i, = 10 amp.) is 596,900
volts. If the resistances were negligible, and if the system
were exactly in the first unit-efficiency adjustment, the poten-
tial would be, by (32), page 31, i.e. Vy, = Lyjio/kV LyCy—

) ) . [5969)\2
798,700 volts. Consequently,the conversion efficiency is (Tg}ﬁ)
= 0-559. Since L, = 0-255 henry, the initial magnetic energy
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$L,%2 is 12:75 joules. The maximum electrostatic energy in
the secondary circuit is therefore 0-559 x 12-75, or about
7-1 joules. The energy at the same moment in the primary
condenser (capacity 0-2 mfd.) is % 0-2. 22502 . 10 ergs, or
about 0-5 joule. Consequently, of the original 12-75 joules,
rather over 5 are dissipated, half a joule is stored in the primary
condenser, and the remaining 7 joules represent the electro-
static energy of the secondary charge at the moment of maxi-
mum potential. Taking the secondary capacity as 0-000053 mfd.
(sec page 93) the charge then accumulated on the secondary
is 53 X 5:969 X 107 c.g.s. units, or 31-6 . 10-6 coulombs.

Determination of the Capacity of the Secondary Coil. When
the secondary terminals are connected with bodies of very
small capacity, (', consists mainly of the capacity distributed
over the secondary coil. It is defined, as previously stated,
so that C,V, is the secondary charge, V, being the potential
difference of the terminals, and so that 27V L,(, is (neglecting
resistance) the period of the secondary circuit when oscillating
alone, e.g. when the primary circuit is broken and disconnected
from the condenser. During the oscillations the secondary
current is not uniformly distributed over the length of the
wire, and the self-inductance L, is considerably less than the
value which this quantity would have if the current were the
same in all windings, as would be the case if the secondary
terminals were connected with a condenser of large capacity.
While the product L,C, may be readily determined from the
period, the determination of L, and C, separately presents
much greater difficulties. As an illustration of an approximate
method, the following account is given of a determination of
these quantities for an 18 in. coil, the secondary terminals of
which were at the time connected to a pair of spark electrodes
and to the electrostatic oscillograph—bodies of much smaller
capacity than that of the secondary coil itself.

The method requires the determination of the quantities
Ly, Ly, k2, L,C,, and the ratio L,;/L,,, from which C, can
be calculated by the equation

e Sl ot 3 (51)
: L,,? L,,
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The first four of these quantities were determined by methods
described earlier in the present Chapter. With regard to the
ratio Ly, /L,,, this differs from unity because the current during
the oscillations is not uniform along the length of the secondary
coil, but is greatest at the centre and nearly zero at the ends.
If we assume as an approximation that the current in a
secondary winding at distance z from the middle is proportional
to cos 2;, where A is the length of the secondary coil, and if
all the windings of the secondary had equal inductive effects
on the primary when reckoned per unit current, it is easily
seen that L,,/L,, would be equal to #/2. In the actual case,
however, the inductive effect of the secondary windings (per
unit current) diminishes from the centre towards each end.
This was tested by ballistic galvanometer experiments in which
the mutual inductance of the primary and a single turn of
wire, wound on the secondary (or primary) in various positions,
was compared with its value for the central position. From
the results of these measurements, it was found that this
mutual inductance could be represented approximately by the
expression @ — bz® - cz*. Consequently, L, is proportional to

+hI2 2
f (@ = bz% — c2%) cos — dz,
-1f2 k

while L,, is proportional to
+h[2
/ (@ — b2% - c2*)dz,

2
since the current in the primary coil is uniformly distributed.
The value of L,,/L,, is thereby reduced from =/2, and becomes
in the present case 0:957/2.

Another correction is necessary if, as in the present experi-
ments, the secondary terminals are connected with a capacity
which is not negligible in comparison with that of the coil.
In this case the secondary current is not quite zero at the ends
of the coil, but should be represented as proportional to

cos ;?—, where b’ is greater than h. The value of A’ may be

estimated if we know the ratio of the external capacity C, to
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the total capacity C,. 1f C, is small in comparison with C,
the approximate value of the latter (obtained from equation
(51) by neglecting the present correction) may be used here.

: o . z
If the current in the secondary windings varies as cos W the
h
. . . . w2
charge per unit length will be proportional to sin —-. Hence

I
the ratio of C, to C, is equal to the ratio of

K2 s TR
sin - . dz to sin —dz,
n2 h 0 h

. C. mh
Le. = = COS —.
g, 2h'

This determines A'/h, and we then have

L 1 +h2 w2

12 <~

=% == cos — dz
h

Ly hJ e X
2 K . wh

== —, — SIn .

m h 2K

In the present experiments, C, is the capacity of the oscillo-
graph and the spark-gap terminals, and this is about one-sixth
of the total secondary capacity C,, the value of which is already

wh 1 K

= -, and — = 112,
h

known approximately. Hence, cos o 6
h i

¢

L D] . . .
from which - ™ == 110 . Z. The effect of this correction is
491 ks

therefore further to reduce L,,/L,, by about 10 per cent.

Taking both corrections into account, we have approximately

Ly /Lyy = 0-857/2 = 1-335,
from which by (51), putting in the values 4% = 0-768, L, = 0-194
henry, L, = 20-4 henrics, L,C,= 1114 . 107 c.g.s.—all
determined for approximately the same mean magnetization
of the core—we find
C, == 0-000053 mfd.,

and with the above value of the product L,C,,

I, = 2,150 henries,
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When the secondary terminals were connected with a con-
denser of 0-001 mfd. capacity—in which case the oscillating
current can be regarded as practically uniformly distributed—
the value found for the seclf-inductance was 2,540 henries.
It appears therefore, that the self-inductance of the secondary
coil is reduced, by the change in the distribution of the current,
in a smaller ratio than is the inductance of the secondary on
the primary—a result which agrees with the observation that
the coeflicient of coupling is also reduced by the change from
the uniform to the non-uniform distribution of current.



CHAPTER IV

THE PRIMARY CIRCUIT. THE SECONDARY POTENTIAL
AT “MAKE”’

Ix Fig. 50 is shown a typical oscillogram of the primary current
at “break.” The curve was taken with the current oscillo-
graph connected in the primary circuit, the break being effected
by the “slow” interrupter operated by the rotating mirror.
The deflexion of the curve from the zero line is proportional
to the primary current, the steady current ¢, before break

Fr1a. 50. OsciLLOGRAM OF PRIMARY CURRENT AT BREAK

being represented by a deflexion downwards. The curve shows
the manner in which the primary current falls to zero after
break. It consists of two oscillatory components, the frequency
ratio in this case being 4. In the experiment of Fig. 50 there
was no condenser in the secondary circuit, and no discharge
between the secondary terminals.

Fig. 51 shows two oscillograms of the primary current
obtained with a motor interrupter substituted for the slow con-
tact breaker. In this experiment the connections of the oscillo-
graph were reversed so that the deflexion due to the battery
current is upwards. In the curves of Fig. 51, the lines sloping
upwards from right to left, having a superposed oscillation in
their early portions, represent the growth of the primary cur-
rent after make. The oscillations immediately after break are
similar to those of Fig. 50. In the upper curve of Fig. 51,
the primary capacity was larger, the period of the main oscilla-
tion after break consequently longer and the frequency ratio

95
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greater, than in the lower curve. The frequency of the oscillation
after “make” is, of course, not affected by the primary capa-
city, which is shortcircuited at make. In the interrupter
used in the experiments of Fig. 51, ‘“make” occurs very soon
after break, usually after about one complete oscillation of the
slower component. The interrupter was, however, not working
very regularly, “make” occurring sometimes sooner after
“break,” e.g. in the first wave on the right in the lower curve.
When the photographs which are reproduced in Fig. 51 were

F1¢. 51. OSCILLOGRAMS OF PRIMARY CURRENT

taken, short sparks were passing between the secondary ter-
minals, but this form of discharge does not appear to affect
appreciably the wave form of the primary current.

In the action of induction coils the manner of variation of
current in the primary circuit after break is only indirectly
of importance, the two most important quantities in this cir-
cuit being the maximum potential of the primary condenser
after break, and the rate of growth of the primary current
after make. Upon the first depends the strength of the dielec-
tric required between the plates of the condenser, and the
second determines, when a rapid interrupter is used, the cur-
rent ¢, at break, which is directly proportional to the maximum
secondary potential. These two quantities we will, therefore,
now proceed to consider.
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The Maximum Primary Potential. It has sometimes been
assumed that the maximum secondary and primary potentials
developed at the interruption of the primary current in an
induction coil are related according to the usual transformer
law, viz. that their ratio is equal to the ratio of the numbers of
turns in the secondary and primary coils. Calculation shows,
however, that this relation holds only in certain exceptional
cases. In general, the ratio of the potentials depends also upon
the coupling and the capacities of the system.

For the purpose of this calculation, the resistances of the
circuits may be neglected, so that the frequencies are given
by equation (13), page 6, the potentials by equations (21)
and (22), page 12.

In the first place, it is easily seen that the transformer law
is applicable when there is no magnetic leakage (A%?==1)
whatever be the capacities associated with the primary and
secondary coils. In this case the frequencies arce

1

Ny = 0 —— e Ny ==
' 21/ (LyCy + LyC'y) :

© .

In each circuit there is only one oscillation, the amplitude
of the infinitely rapid component being equal to zero. The
expressions for the potentials become

Ly
Vi=——, — % sin2mt,
' V(LG + LyCy) '

Lyt .
V, = —\/(L~10—12~1$ L0y sin 27n, L.

The ratio of the maximum secondary to the maximum
primary potential is thus L,,/L,, which, since there is no
magnetic leakage, is equal to the ratio of the numbers of turns
in the secondary and primary coils. This result would hold
even if the resistances were taken into account, since the
primary and secondary oscillations have equal damping factors
and their maxima occur at the same value of ¢.

The transformer law therefore holds accurately when &% = 1,
but in practice no induction coil has so high a coefficient of
coupling. In coils of the usual form with straight cores, 42
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probably never exceeds, though it may nearly reach, the value
0-9. It therefore becomes necessary to consider the ratio of
the potentials in cases in which there is appreciable magnetic
leakage so that the frequency-ratio is finite and both oscilla-
tions are called into play.

Still neglecting the resistances, we may calculate the maxi-
mum secondary potential in any such case from the expression
(42), page 37,

{m’«o_ U sin é.
v L,C,

I b4
2m T

There is, however, no such simple equation for the maximum
primary potential, the value of which must be arrived at by
namerical calculation from the expression for V,. For this
purpose the expression (22), page 12, may conveniently he
written

b4

L
“1%0 . H f5
w: ——=" — (ay sIn 27n,t — ay, sin 27m 1),
1 1
o1/ 1 - =
2V L,C,

where U P - = /31 =) - 2
ay == . [ A s
' 1o w
Ny
PR A (Ut 1
ny u
] 4 -2
n,

and u, as before, represents the ratio L,C,/L,C,.

The function a, sin 27n,t — a, sin 27n,t being denoted by v
the problem is to determine for any values of 42 and u the
maximum value y,, of this function in the first half-period of
the slow oscillation. As in the case of the secondary potential,
we need not consider what happens in subsequent phases, since
the potential is then so much reduced in practice by the
damping as to be always less than the greatest in the first
half-period.

By numerical calculation of the frequency ratios and of U,
a,, a,, values of y,, were determined for a number of values
of » and for the two couplings &% = 0-9 and k% = 0-571. The
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results are given in the second and sixth columns of Table T11,
for the values of % shown in the first and fifth columns. The
third and seventh columns contain the values of U sin ¢, the
fourth and eighth those of the ratio U sin ¢/y,,

TABLE I

— N
|

k2 09 t k0571
I
“_u 'T | U sinw ”[_}; sin ’P”“‘ ——: { . ;;111 S Si::p
S | E— Y sm g | o—o L
V' m 7 L Py
S ) . &_[ s S
0:05| 4-391 1-047 0-2384 || 01 | 4988 1-070 0-2145
0-1 3-443 1-054 0-3061 02 | 3552 1-:229 0-3460
0-2 2:792 1:016 0-3639 0-3 2-739 1-300 0-4745
0-4 2:099 0-9995 0-4761 ‘ 0-429 | 2:035 1-323 0-6501
06 1-868 0-9408 0-5036 || 06 j 1-734 1-302 0-7508
0-8 1-700 0-8865 0-5214 | 0-8 1-518 1-251 0-8241
1-0 1-570 0-8407 05356 ‘[ 1-0 L1371 1-192 0-8696
50 | 0-8348 | 04542 | 05441 | 50 | 0-8352 1 0-5495 | 0-6579
10-0 0-6006 0-3334 4‘ 0-5551 t 10-0 % 06200 i 0-3384 | 0-545H8
| | | | !

The ratio of the maximum secondary to the maximum
primary potential is
Vow 2Ly U sing

Vlm Ll ‘ Ql)m . ' )

When « is varied by changing only the primary capacity,
the quantity 2L,,/L, is constant, and U sin¢/y, is then
proportional to the ratio of the maximum potentials. Table
IIT shows that even when the coupling is as high as 0-9
(k = 0-949) these potentials are by no means in a constant
ratio. When the primary capacity is very small, V,,/V,,, is
much smaller than L,,/L,, which may, with the usual approxi-
mation, be taken as equal to the ratio of the numbers of
secondary and primary turns. As the primary capacity is in-
creased V,,,/V,,, increases somewhat rapidly and becomes equal
to the ratio of the turns when  is about 0-6, i.e. when U sin ¢/y,,
is 0-5. The primary capacity being further increased the
potential ratio varies more slowly, only reach'ng the value
1-110L,,/L, when u = 10.

At the looser coupling £? = 0-571 the variation of the

(52)
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potential-ratio as the primary capacity is increased is more
pronounced. It rises to 1-739L,,/L, at u = 1 (L,C, = L,C,),
subsequently falling to 1-0916L,,/L; at w = 10. At this degree
of coupling, however, L,,/L, cannot be taken as approximately
equal to the ratio of the secondary and primary turns.

It appears that if the primary capacity is very much in-
creased the potential-ratio again becomes equal to L,,/L,; in
other words, when » is indefinitely increased U sin ¢/y,, be-
comes equal to 0-5 for all values of k2. For in this case the
frequencies are n, = 1/27V L,C,, which is very small, and n,
= 1/2m4/§ L,Cy(1 - &)}, which is equal to the frequency of
the secondary circuit with the primary closed. The frequency-
ratio n,/n; being very great, the amplitude of the rapid oscilla-
tion is in each circuit negligible, so that the system again
oscillates with practically only one frequency, this being n,.
The amplitudes are—in the secondary Ly i,U/V L,C,, in the
primary Li,U/V L,C,, the potential-ratio V,,/V,,. being
therefore equal to L,,/L,. This case is, however, of no prac-
tical importance, since, owing to the small value of U, no
high secondary potential can be developed by an induction
coil provided with a very large primary capacity.

The present theory therefore indicates that, while the trans-
former law holds in the two extreme cases k2 =1 and C,
very great, it is not generally applicable to an induction coil
in actual working conditions. It appears, however, from the
values given in Table IIT that the potential-ratio is equal to
L, /L, at a certain value of 4 which depends upon the coupling,
e.g. 0-6 if k2 = 0-9, and rather over 0-3 if k% = 0-571.

In Table IV are shown the values of y,, for a few other
adjustments involving different degrees of coupling, the value
of u in each case being that corresponding to the ““optimum”
primary capacity.

Within the range of this table—probably the whole of the
practical range of coupling found in induction coils—if the
primary capacity is adjusted to its optimum value, the numer-
ical value of u,, appears to lie between 2 and 4, the exact
value depending on the coupling. For a given degree of
coupling y,, diminishes as the ratio u(= L,C,/L,C,) is increased
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(see Table III), but much less rapidly than according to the
law of inverse proportion; it is more nearly inversely propor-
tional to the square root of .

TABLE 1V
VALUES oF g, IN “OprTIMUM” ADJUSTMENTS
k2. % Y
0-9 0-1 3443
0-835 0-165 3-101
(-768 0-11 3-973
0-71 0-44 2.297
0-64 0-45 2-131
0-571 0-429 2:035

According to the above calculation, the expression for the
maximum potential difference of the plates of the primary
condenser, arrived at on the supposition that the oscillations
are undamped and that no discharge takes place either at the
interrupter or between the secondary terminals, is
Ly,

2V L,C,

As a numerical example, we may consider the case illus-
trated in Figs. 46 to 49, pages 88-90,in which L, is 0-255 henry,
L,C, is 1:142 . 107 c.g.s., and the value of y,, (from Table 111
or IV) is 2:035. With 4, = 10 amp., equation (53) gives for
Vim the value 7,680 volts. When the effect of the resistances
is taken into account, however, the value of V,,, is (sec page 89)
6,800 volts. The difference represents the effect of the damping
during the short interval of time 0-00025 sec. which the primary
potential requires to attain its maximum value.

By equation (52) the ratio of the maximum secondary to
the maximum primary potential would be in this case, if the
resistances were negligible,

ng _ 2L21 U Sin(p
Vlm L, ‘ Ym

= 160 X 0-65 (See Table 111.)
104.

Vlm . wm . . . . . N (53)

Il
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With the resistances taken into account, the ratio is (see
page 90)—
Vom 596,900
Vim 6800
= 87-8.

Thus, the damping has a greater effect in lowering the maxi-
mum secondary than in reducing the maximum primary poten-
tial, which is to be expected since the maximum potential
occurs later, and the damping forces are in action for a longer
time before the maximum is reached, in the secondary circuit
than in the primary.

The primary potential at break is, of course, greatest for
a given capacity and current when the secondary coil is alto-
gether removed, as indicated by the explosive nature of the
interrupter spark in these conditions even at moderate cur-
rents. In this case, the principle of cnergy gives (resistances
being neglected) C,V,,.2 = L,ig?, so that V,,, = i,V L,/C;. In
the numerical example just considered (with the secondary coil
removed) this gives 11,290 volts as the maximum potential
of the condenser, but with allowance for the resistance the
maximum is (by equation (7), page 4) 10,000 volts. Thus,
the presence of the secondary coil reduces the maximum prim-
ary potential from 10,000 to 6,800 volts; in other words, the
secondary coil withdraws more than one-half of the original
energy from the primary circuit before the maximum potential
in this circuit is reached, thus greatly facilitating the smooth
working of the interrupter.

The method of producing high potentials with a single
coil does not appear to have been much tried. If a suitable
interrupter could be devised—it would require to be in a
high vacuum, e.g. an X-ray tube—smgle -flash discharges of
very high potentlal could be produced in this way. A coil,
for example, having self-inductance 5 henries and capacity
0-00005 mfd., would develop (allowing a reduction of 15 per cent
for damping) a potential of 270,000 volts at the interruption
of a current of 1amp., a performance much superior to
any that can be expected in an induction coil of the usual
construction.
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Growth of the Primary Current After ¢ Make.” The value

of the primary current at any time ¢ after “make” is given
approximately by the expression—-
i = — l—e-‘”) . L : . (54
1 Ro ( )

where ¥ is the battery E.M.F., R, is the steady-current resis-
tance of the primary circuit, and the cocfficient  may be taken
as equal to R,/L,. Strictly speaking, there is also, owing to
the reaction of the secondary coil, an oscillatory component
in the primary current at make (see Fig. 51, page 96), and
the coefficient of ¢ is not exactly equal to ,/L,, but the oscilla-
tion usually dies out before break and the difference between
d and Ry/L, is not very considerable.

If T is the interval between make and break, i.c. the ‘“time
of contact,” the current at break is therefore

Ty = I (1 - e"”"”‘l) . . . . . . (55)
0

If 7', is the time interval between two successive breaks,
the mean current, as indicated by an amperemeter in the prim-
ary circuit is—

1 T
U = - [ 2yt
L qylj 1

— @_ [']’ - L_1<1 _ 0-1.'"7'//,l>] ) . . . (56)
R, R,

The work done in establishing the current i, is—
W = KT,

E2 ! Ll < " >}
I 11 1 1 _ =RaTIL,
RO[ A

The ratio of the electrokinetic energy 1,12 to the work
done in establishing it-—the “efficiency of make” as it has
been called—is, therefore, equal to—

1 = e-RoTITy)2
e

—= L |
%RO T —'Ri (1 _e-Ro’llL,)
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(1-evp
T )

if y is written for R T'/L,.

(57)

The efficiency of make is increased when y is diminished,
that is, when the ratio L,/R, is increased. 1f ample E.M.F.
is available and the coil is operated through a series regulating
resistance, the self-inductance L; can be increased, by the
inclusion of inductance coils in the primary circuit, without in-
creasing R,. In this case, the addition of such coils will improve
the efficiency of make. On the other hand, it will, by (55), di-
minish the current at break. It hasbeen explainedin ChapterI1,
however, that the action of a coil at break, in converting
primary magnetic into secondary electrostatic energy, can ke
improved by the addition of series inductance to the primary
circuit. On the whole, taking these various effects into account,
it is found that, in such cases, the additional primary inductance,
if suitably chosen, improves the performance of a coil.

As a numerical example of these calculations, we may con-
sider the experiment illustrated by Fig. 31, page 75. In this
case, B was 94 volts, R, was 18 ohms, L, 0-255 henry, 7',
0-030 sec., and 7' was 0-00814 sec. By (55) the primary current
1, at break was 2:28 amp., and by (56) the mean primary
current was 0-339 amp. The current indicated by an ampere-
meter in the primary circuit was 0-3 amp. The value of ¥ in
this experiment was 0-575, and, therefore, that of e¥ was 0-563.
By (57) the efficiency of make was, therefore, 0-692. The
efficiency of conversion in this case was 0-559 (see page 90).
If the spark gap was set so that sparks just passed (they
were 18-4 cm. long) the resulting oscillogram of the secondary
potential was that shown in Fig. 66, p. 127. From a com-
parison of this curve with that of Fig. 48, page 89, we find
that about four-fifths of the energy of the system was dis-
sipated in the spark, the remaining one-fifth representing the
energy of the oscillations in the system subsequent to the
appearance of the spark. Consequently, of the work done by
the battery in establishing the magnetic energy }L,i,? about
0-692 X 0-559 X 0-8, i.e. about 31 per cent, was dissipated in
the spark between the secondary terminals.
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The Secondary Potential at ¢ Make.”* The manner of varia-
tion of the primary current after contact is made at the inter-
rupter is closely connected with that of the secondary potential
at make, and both of these quantities may be calculated (the
former with greater accuracy than was done in the previous
section) from the following equations. The chief interest of
the calculation of the secondary potential at make lies in the
means which the result may suggest for the diminution of this
quantity. In all applications of induction coils it is desired
to make the secondary discharge unidirectional, and it is,
therefore, necessary to suppress as far as possible the discharge
at make which is in the opposite direction to that at break.
For this purposec mechanical or valve rectifiers are sometimes
used, but all these absorb some energy and tend to detract
from the performance of the coil at break. 1t is, therefore,
desirable to consider how the circuits of an induction coil may
be adjusted so as to lower the potential at make, and in doing
s0, due regard should be had to the necessity of maintaining
undiminished the potential at break.

In the following calculation, we shall regard the secondary
terminals as insulated, and shall suppose that immediately
before ‘“make’ there is no current flowing in either circuit.
The latter condition is usually satisfied, the oscillations at
break completely dying out before make (see, for example,
Fig. 31, page 75), though therc are exceptional cases (see Figs.
37, page 78, and 51, page 96) in which “make” follows so
soon after “break”™ that there may be current flowing, one
way or the other, at the moment of “make.”

The primary and secondary currents being ¢, i;, and with
the usual notation for the other quantities, the equations for
the circuits are—

d1 di,
dt‘ + LW | Ry, =E, . . . . . (58)
LY g d" Ry, + V, = 0 (59)
zdt 21 df 20 ~ g == U, . . . . D¢
. LAV, ,
12 == 62 d‘t‘ (60)

* Seo also The Theory of the Induction Coil, Chapter X, and Phil. May.,
33, p. 322 (1917).

8—(5729)
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The primary capacity, which becomes short circuited at
“make,” has, of course, no influence on the current after this
moment, and does not appear in the equations.

Denoting ¢, — E/R, by x, and making use of (60), we find
equations (58) and (59) to become

dx dZV
Ll% + Ly,C de + R =0, . : : - (61)
d]2 (11/72
] ) Py /9 a /’0 == U. . . 2
I2c2dt+Llu+R( gy FVe=0 (62)

The solution of equations (61), (62) is of the form x == Ae?,
Vy = Be®, where z is a root of the cubic equation

(LyLy — LypLin )2 + (L Ry + Ly R)22
L R
-+ (-‘ . R1R2>z 4o L0, . . . (83)

, s

In all actual cases this equation will have two roots of the
form

2y == —ky -} 2mme
. . . . . 4
2y = —ky — 2mme (64)

where ¢ = v/ - 1, the third root being real, say,
2y ==—0. . . . . . . (65)

The complete solution of (61), (62) is thus
x = At |- Ayer - Aye’d
1y, = Byest! -|- Bye! |- B
where the 4’s and B’s are to be determined from the initial
conditions. These are i; = 0, V, = 0, 7, =— 0, that is

[ /
z=-HE[R,, V,==:0, (;;27 = 0, when t = 0. . . (67)

(66)

On substituting the expressions (66) for x and V, in (61)
and (62) and eliminating 4,, A,, 4,, we find, with the help
of (67) the three equations for the coeflicients B,

‘Bl + B + B - 0 . . . .
Bz, + Byzy |- Byzy == 0 . . . . (68)
B2% + Byz? |- Byzy? = — ML, /C, L Ly(1 - k")
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Solving these for B, B,, B;, and retaining the real parts
of the three terms of (66) we find finally, as the complete solu-
tion for V,,

EL
Vy= ——L—al{e"'l‘ cos (2mnt - 0) - e"s‘} . . . (69)

1
-0
where tan 6 = ks

2mn

The wave of potential in the secondary circuit at make thus
consists of an oscillation, having frequency » and damping
factor k,, superposed upon an exponentially decaying part, the
initial values of the two parts being -|-E L, /L,. The greatest
numerical value of the expression (69) for V, occurs at a time
{, somewhat less than 1/2n, and will in all cases be less than
2K Ly, /Ly, the value of the maximum when k; and ¢ are zero.
The expression 2K Ly, /L, may be regarded as giving the limiting
value of the maximum potential at make, to which the actual
value would approximate if k; and 6 were indefinitely reduced.
In actual cases, however, k, and  are probably never so small
as to allow the above limit to be very closely approached.

Equation (69) shows how V, depends upon the constants
of the circuits and how these ought to be adjusted in order
to diminish as much as possible the secondary potential atv
make. Thus, V, at make is directly proportional to the battery
E.M.F. E, and can be diminished by using a battery of lower
voltage. In order to maintain the value of the primary current
1o at break (and the secondary potential at break which is
proportional to i,) the resistance of the primary circuit should
also be reduced, and such reduction of resistance would have
no serious effect in increasing the potential at make, since
by (69) V, depends only indirectly (i.e. through &, and d) on
the resistance of the primary circuit. In practice, therefore,
it is desirable, in order to diminish negative discharge at make,
to use as small a battery E.M.F. as is sufficient to produce the
required primary current and secondary potential at break.

Again, according to (69) the secondary potential at make
is directly proportional to L,,, the mutual inductance of the
primary and secondary coils. In many coils L,, cannot be
varied, but in some the primary coil and the core can be moved
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axially from their symmetrical position in the secondary, a
process which diminishes L,, without altering L,. Such a dis-
placement of the primary coil will, therefore, have the effect
of diminishing the secondary potential at make and, as we
have seen in Chapter II, it may also increase the secondary
potential at break.

Another way of reducing V, at make is to increase L,, the
self-inductance of the primary circuit, which occurs in the
denominator of the expression (69). In Chapter II we have
emphasized the importance, from the point of view of the

Break Make

F1c. 52. OscILLOGRAM SHOWING HicH SECONDARY
POTENTIAT, AT MAKE

action of a coil at break, of increasing L, up to a certain point,
and we now find that this procedure has the additional ad-
vantage of diminishing V, at make. The oscillogram shown
in Fig. 31, page 75, taken with series inductance in the primary
circuit in which the make-potential is scarcely noticeable, illus-
trates the advantage to be gained in this way.

In some coils, the primary is divided into two or more sec-
tions which can be connected in series or in parallel. The
change from series to parallel diminishes L; and therefore, by
(69), increases the secondary potential at make. The oscillo-
gram in Fig. 52 shows the secondary potential (or rather its
square) of a coil the two primary sections of which were con-
nected in parallel. In this experiment, the battery E.M.F. was
98 volts, and a rather large non-inductive resistance was in-
cluded in the primary circuit in order to cut down the potential
at break. The potential at make was greater than that at
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break, but it should be remarked that the primary resistance
could have been much reduced, in order to increase the break-
potential, without appreciably increasing the potential at
make. .

It may be explained here, apropos of the sections of the
primary coil, that for a given P.D. at the primary terminals
the secondary potential at break is also greatest when the sec-
tions are connected in parallel. This results, of course, from
the large value of the primary current. Considering, for ex-
ample, a coil having four equal primary sections, the connec-
tion being changed from series to parallel, L, and R, are both

F1a. 53. OScCILLOGRAM SHOWING HIGH SECONDARY POTENTIAL oF
TRANSFORMER WHEN SWITCHED INTO A.C. CIRCUIT

reduced to one-sixteenth, L,, to one-quarter, of their ‘““series”’
values. Thus, the primary current at break—given approxi-

E
mately by 7 (1-e97), where T = time of contact—is in-
1

creased to 16 times, and Ly, to 4 times, its original value.
The coupling being unchanged, the primary capacity being sup-
posed in each case to be the optimum, and the effect of damping
being regarded as unaltered, the secondary potential is pro-
portional to Ly, and is therefore quadrupled. On the other
hand, if the coil is driven through a considerable series regu-
lating resistance, the spark length at break is greatest when
the layers are in series. In this case the lowering of resistance
due to the change from series to parallel is of little consequence,
and the diminution of L, reduces the secondary potential.
It appears remarkable that the secondary capacity, the value
of which greatly affects the break-potential, has, according to
(69), only an indirect influence on the secondary potential at
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make. If this capacity is increased, e.g. by connecting a con-
denser to the secondary terminals, the period of the oscillation,
and with it the time of rise to maximum potential, is lengthened.
The damping forces have, therefore, a longer time in which
to act, and a reduction of the maximum potential is to be ex-
pected. It is only by altering the effect of the damping that
the secondary capacity influences the make-potential, and this
alteration is but slight if &, and 6 are small, that is, if R,/L,
is small, greater if R,/L, is large.

All the above theoretical conclusions with regard to the
make-potential can be easily verified by spark length observa-
tions with an induction coil, and it scems probable that in
most cases the methods here suggested may be sufficient,
without the use of rectifiers, to reduce the reverse current at
make to such a small value as to have no deleterious effect.

Another example of a high secondary potential at make is
illustrated in Fig. 53, which shows the effect of switching a
closed core transformer into an A.C. circuit. It is clear that
the potential rises to a considerably higher value in the transient
wave at make than it does when the system has subsequently
settled down into the alternating current régime.



CHAPTER V
INDUCTION COIL DISCHARGES

T theory explained and illustrated in Chapters 1 and I1I
is applicable only to the case of an induction coil, the secondary
terminals of which are insulated and, therefore, have no dis-
charge passing between them. In some applications, e.g. in
the testing of the dielectric strength of insulating materials,
this theory covers the whole of the phenomena up to the point
at which the dielectric breaks down. In many cases, however,
it is necessary to know how the secondary potential varies
during, or is affected by, a discharge. For example, it is well-
known that the sparking plug of an engine is very liable to
defective insulation owing to the deposition of products of
combustion on the surfaces of insulators, and it is important
to know how the maximum potential at the spark electrodes
is modified by such leakage.

The theory can be extended to cover the case of a coil with
sccondary discharge if the discharge current is related in some
simple manner to the potential at the secondary terminals,
e.g. if the current flows in accordance with Ohm’s law. In
other cases, if the relation between the potential and the cur-
rent in the discharge is unknown, one must rely entirely upon
experiment to discover how the potential is modified by the
discharge, and how the discharge current depends upon the
constants of the coil and the current supplied to its primary
circuit. It may be mentioned here that, during the rapidly
varying conditions which succeed ‘““break,”” the current in the
secondary coil (i.e. in its central winding) is, in general, not
equal to the discharge current, the difference between them
being the current which is absorbed by the capacity of the coil.

Discharge Through a High Non-inductive Resistance. We
will first consider the theory of an induction coil with discharge
through a conductor in which the current obeys Ohm’s law,
but which is without self-inductance. The resistance of the
conductor being Rj, the current in it, i3, is V,/R;, the wave

111
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of discharge current is of the same form as that of the potential

V, at the secondary terminals, and the discharge current i,

can be at once cvaluated when V, and R, are known.
Equations (15) and (16) apply without change, viz.—-

di di, )
Ll—(h‘ y ]J"z}[t- LR T, 0 (70)
diy, diy ) ,
gy i dugy— - aly o == O, . . . (7
Izdt i 1_,1(” iRyt T, (71)

V, representing, as before, the excess of the potential of the
primary condenser over the battery E.M.F. In addition, we
have the equations—

Ldar
- Cy— . (12
" Ydt (72)
> vdl,‘z | D
1y ) dl ly (73)
Voor Rys . ..

Eliminating {,, ¢,, 75, we have the two equations for V,, V,,

v, ®V, AV, Ly, dV,
4L, P R e LV = 0. (75
LiCy g Bl b R e by 0 Ve 0 (T5)
&2V, Pl (1 J >d1’2 Ry R,
WOt 2o (22 g, ) e Ty G (76
LaCogp 4 Bl 1 (g 1B ) = =0 (76)

Assuming V, = Ae*, V', - Be*, and eliminating the ratio
A|B, we find, after reduction, the equation for 2

R R, 1 - k2
1-k2)A <J (I O ,>,3
( ) L, "L, " R,

+§ Lo (Rlylez),Rlegﬂ
L, " Le, " RC,\L, ' L, ' LLy)

| §R1 1 +R2 1 N 1 < 1 }R1R2>§w
L, L,0," L, LC, " RC,\LC, "' LL,))
1 R, + Ry

=0 . . . . 77
T Il R (77)
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The roots of (77) being denoted by z,, z,, 24, 24, the solutions
for V, and V, are

V= At 4 Aot + Ayt - Ait : 78
V2 —_ Blezlt _}_ Bzezzl __]__ B3€z3t' + 846:4" ( )
The initial conditions are (break occurring at ¢ — 0),
1V o dV
Vi — 5, ¥, -0, T o dVe (19

. C7 dt
Substituting from (78) in (75) and (76), eliminating the A’s
and using (79), we find the four equations for the B’s—
B, + By+4-By |- By=10
Bz, |- Byzy + Byzy -+ Bz, =0
B, By, By By
| !

4 P =0
2 2y 24 24
e e R )
2y 2y" Z3" 2y

Solving these four equations, we have
B, = o B E R zm) — Gz g
(21— 25) (21— 23) (21— 24)

with similar expressions for B,, B, B,, where

R.
G, =— -2 [,
1 R, + RsLnlo’
e R VA
F, = (.
aq, B4R C’E—{~R+R + R,

When the resistance R, is very large (i.e. several megohms)
all four roots of (77) are imaginary and they may then be
expressed in the form—

2, = —ky - 2
2y =—ky — 2mnp
2y = —lc - 2mngt
2= —ky — 274y,

where n,, n, are the frequencies, k,, k, the damping factors of
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the two component oscillations. The expression for V, is then
of the form—

Vy = Be*'sin (2zn,f - ;) — B'e*e sin (27n,t - 6,) . (81)

If R; is moderately large, two of the roots of (77) may be
real, and in this case the wave-form is represented by—

V== Biehl o Boe-Rt — Be¥ sin (27nt - 6), . . (82)

the real roots of (77) being — 4, and — 4,.

When the external resistance is so small that the influence
of the capacity of the sccondary coil may be neglected, let
R, represent the total effective resistance of the secondary
circuit. In this case the current ¢, is uniformly distributed
along the secondary wire, and L,, = [, = M, the mutual
inductance. The equations for V, and ¢, are

2V, d12 av,

L,C, A -1- ﬂf + R,C, i 4 V=0
(lz d? V _
Ly '+ MCy 5! o+ Ry = 0.

The solution is
V, = A, - Aye™ + A o5
1y, = Bt -+ Bye! 4 Be®,

where z,, z,, z; are the roots of
R R 1 R.R ) R,
_[2).3 1 1 T2 ey Ty T2 .
(1= k)= A (L1 ! L2>z t (Ll(;'l N Y L A A

an equation which may be derived from (77) either by making
R, small or by making C, infinite.

av )
The initial conditions being V, = -E, ¢, = 0, 7171 = é—"—, we
1
find the following equations for the B’s—
B, + B, + B; =0
§}+§2+-_B.3!=__M39=G1,Say,
% 22 23 R,
B, B, B, M ( Lzzo)
— 4+ =+ = = E = (@,.
2,2 T 2,2 T z2 R\ ' + 2
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The solution of these equations is
Y
QGI(zZ -+ 2;3) = G2z,
(Zl - zz) (21 - 2:;)
with similar expressions for B, and B;.

When two of the roots of the cubic for z are imaginary the
solution for 7, takes the form

iy = Befilsin (2mnt - 0) - Be . . . (83)

B, =-2

The wave-form of the secondary current thus consists of
one oscillatory and one aperiodic component.
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Fic. 54. RaTio OF MAXIMUM SECONDARY VOLTAGE WITH
LEAK To MAXIMUM WITH TERMINALS INSULATED

+ Calculated. O Observed.

In illustration of the foregoing formulae for the effect of
a discharge current a number of numerical cases have been
worked out for the system, the constants of which are given
on page 86, and the wave of secondary potential of which,
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with secondary terminals insulated (i.e. By = « ) is shown in
Fig. 45, page 87. The maximum secondary potential V,,’ was
calculated by equations (80) and (81) or (82), with 3, = 10 amp.,
for each of the four values 6, 4, 2, and 1 megohm of the dis-
charge resistance R;. The ratios of these maxima to the cal-
culated maximum V,,, with B; = » are shown by the four
points marked -4 in the diagram of Fig. 54. It will be seen
from the diagram that theoretically the effect of a discharge
resistance of 6 megohms is to lower the maximum potential
by 27 per cent, that of a resistance of 1 megohm to lower it

80

60—

A
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\

N

o 1 2 3 4 5
t in Thousandths ofa Second,

F1a. 55. (ALCULATED SECONDARY VOLTAGE CURVE WITH
1 MEcoHM LEAR

0

by about 65 per cent. The calculations also showed that with
the three larger discharge resistances the wave of potential
consisted of two damped oscillatory components, the wave-
form being represented by the expression (81), but with By = 1
megohm one of the two oscillations degenerated into two
aperiodic components, the wave-form in this case being of the
kind indicated by (82).

On the experimental side, the effect of discharge on the
maximum secondary potential can easily be examined, either
by spark length measurements or with the help of the electro-
static oscillograph. The points marked o in Fig. 54 were ob-
tained by the latter method with various high resistances, in
the form of tubes containing water, connected between the
secondary terminals. The ordinates of these points in the dia-
gram represent the ratios of the maximum potentials observed
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with, to those observed without, the various resistances R,
indicated along the horizontal axis. It will be seen that
the points + and O lie closely on the same curve, indicating
satisfactory agreement between the calculated and the experi-
mental results.

With regard to the wave-forms, Fig. 55 shows the calculated
(V2 t) curve for the case R, = 1 megohm. It indicates a
maximum potential of 82,460 volts at ¢ = 0-00105 sec. (the
maximum with secondary terminals insulated being 238,700
volts), and the prolonged descent to zero from the peak shows

F1g. 56. OBSERVED SECONDARY VOLTAGE CURVE WITH
1-14 MEcoHM Lrak

that the main component of the wave is non-oscillatory. There
is still a positive potential of 1,700 volts at 0-005sce. The
same feature is also shown in the oscillogram of Fig. 56 taken
with the electrostatic oscillograph, the discharge resistance R,
in this experiment being 1-14 megohm.

Fig. 57 shows the calculated curve for the case B; = 2 meg-
ohms. This curve evidently represents a strongly damped
oscillation, the potential falling to zero at about 0-0029 sec.,
and the slight elevation beyond this point representing the
negative half-wave. A similar type of curve is shown in Fig.
58, the oscillogram obtained with a resistance of 2-13 megohms
between the secondary terminals. In these curves the more
rapid oscillation is too strongly damped to be in evidence;
at the peak of the curve in Fig. 57, for example, its amplitude
is only 400 volts. The smaller oscillation becomes more marked
as the resistance R, is increased. In Fig. 59, taken at R; = 5-9
megohms its effect is just noticeable near the peak of the prin-
cipal wave. When the water resistance is removed altogether
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(R; = o) the wave-form, as already stated, is that shown in
Fig. 45.

It may be mentioned here that when the secondary terminals
of an induction coil are connected by a conductor of consider-
able resistance, the influence of the capacity of the coil on

N
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Fic. 57. CALCULATED SECONDARY VonrTackE ('URVE
WITH 2 MEGOHM LEAK

the terminal potential and the discharge current is by no
means a negligible quantity. Considering, for example, the
case R, = 1 megohm, i.e. B; = 2-:33 times the effective resis-
tance of the secondary coil, if we had neglected the secondary
capacity in our calculation—in which case the coil-current
would have been equal to the discharge current, and the
wave-form would have been composed of one oscillatory and
one exponential component (see equation (83), page 115)—the
maximum potential, for the same values of the other constants
and a primary current of 10 amp., would have been 126,000
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instead of 82,460 volts, a difference of over 50 per cent. The
maximum discharge current would have been altered in the
same ratio, viz. 126 instead of 82-46 milliamp. The influence
of the secondary capacity is still greater at higher discharge
resistances. It is clear, therefore, that very great errors can
be introduced by neglecting the capacity of the secondary coil
in such calculations.

The total quantity of electricity discharged through a given
external resistance is, however, not influenced by the capacity
of the coil, being equal to the total change of induction through

TS ANAANANAIANAAN

Fic¢. 58. OBSERVED SECONDARY Fic. 59. SEcONDARY VOLTAGE
VorLTAGE CURVE WITH 2-13 WITH 59 MEGOHM LEAK
MEGOHM LEAK

the secondary at break, L,,i,, divided by the total secondary
resistance R, + R,, where R, is the steady-current resistance
of the secondary coil. This follows from equations (71), (73),
(74), page 112, on integrating over the whole duration of the
transient currents at break, and remembering that ¢, V,, and
dV,/dt, are zero at the beginning and at the end of the period
of integration. The water resistances used in the above ex-
periments were measured by observing the throw at break of
the moving coil of a ballistic galvanometer—a moving coil
milliampere meter provided with a suitable scale and observed
through a telescope was used for the purpose—connected in
series in the secondary circuit. The instrument was standard-
ized by observations of the throw when the secondary coil
was short-circuited through the instrument (R; = 0). The
same method may be used for determining what may be
called the “equivalent resistance’ of any discharge path, such
as a spark gap or an exhausted tube, provided the time occupied
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by the discharge is short in comparison with the period of
swing of the moving coil. The equivalent resistance of such
a discharge path means the resistance of a conductor obeying
Ohm’s law which, if substituted for the given path, would
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Fic. 60. QUANTITIES DISCHARGED IN SPARKS

allow the same quantity of electricity to be discharged through
it for the same change of induction through the secondary
coil at break. This change of induction being L, i, and the
resistance of the secondary coil being R,, the equivalent
resistance of the discharge path is—
Lzl"o
Gt Y
Spark Discharge. The curves in Fig. 60 represent the results
of a series of measurements made in this way of the quantity
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of electricity discharged in sparks of various lengths between
sphere electrodes 2 em. in diameter. In this diagram the hori-
zontal axis represents the change of induction L,,7, through the
secondary at break, the ordinate the number of milli-coulombs
discharged. Values of the primary current at break are indi-
cated above the diagram. Points on the straight linc 4 were
obtained when the secondary was short-circuited. The ratio of
the abscissa to the ordinate of any point on this line is the
resistance of the secondary coil at the time when the observa-
tions were made, viz. 40,000 ohms. The curves B, C, . . . G,
represent discharges through sparks of various lengths, from
5mm. to 15cm., as indicated in the diagram. The ratio of
the abscissa to the ordinate at any point on one of these curves
represents the equivalent resistance of the whole secondary
circuit in the circumstances of the experiment. For example,
the discharge through the 10 em. gap at a change of induction
of 1755 x 108 c.g.s. (3, = 9 amp.) was 0-53 milli-coulomb. The
equivalent resistance of the secondary circuit was therefore
175,500/0-53 ohms, i.e. about 331,000 ohms. The equivalent
resistance of the gap alone was therefore 291,000 ohms.

Curve H refers to an X-ray tube, the discharge through
which, at the same change of induction, was 0-076 milli-coulomb.
In this case the equivalent resistance of the secondary circuit
was 2:31 megohms, which gives 2-27 megohms as the equivalent
resistance of the tube. The equivalent resistance defined in
this way, both for spark gaps and for ordinary X-ray tubes,
diminishes as the quantity discharged increases ; over the range
shown in Fig. 60, most of the curves are concave towards the
vertical axis.

Oscillations During Spark Discharge.* The ordinary induc-
tion coil spark, when no condenser is connected with the
secondary terminals, usually consists of two parts, viz. (1) a
single bright initial spark, followed by (2) a series of much
less luminous discharges all in the same direction.t This may
be seen by examining the spark in a rotating mirror. Thus,
in Fig. 61, a photograph of a 10 em. spark, between platinum
points, obtained in this way, the initial spark is followed by

* The Electrician, p. 167, 15th Aug., 1919.
1 B. Walter, Ann. d. Phys., 66, p. 636, 1898.

9—(5729)
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a series of broad and much fainter bands representing what
may be called a pulsating arc.* The current in this arc goes:
through maxima and minima without changing sign.

The frequency of the pulsations in the arc is inversely pro-
portional to the square root of the primary capacity, and is,
in fact, represented approximately by the expression—

1
2ma/$ L,Cy(1 - k%)
obtained by putting C, = « in the expression (13), page 6,

(84)

Fic. 61. OrRDINARY INDUCTION COIL SPARK WITH
PuLsATING ARC

for the frequencies of the system. In other words, it is the
frequency of the primary circuit with the secondary terminals
connected through a small or moderate resistance. It is prob-
able that by far the greater portion of the quantity of elec-
tricity that escapes in this type of discharge passes, not in
the initial spark, but in the arc (see the calculation on page 119).

The pulsations in the discharge may also be examined by
connecting in series with the spark gap a short spectrum tube
containing air at reduced pressure, and observing the narrow
part of the tube in the rotating mirror. Fig. 62 is a reproduced
photograph of a similar tube when connected in series with a
279 cm. spark between sphere electrodes. The bright bands
in this illustration correspond to the current pulsations in the

* See, however, a paper by J. Thomson on the nomenclature of the various
types of discharge through gases (Phil. Mag., April, 1932).
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arc, their sudden cessation after the tenth pulse indicating that
the potential at the gap terminals then became insufficient to
maintain the arc. In this method the unidirectional character
of the pulses is very clearly shown by the blue negative glow
appearing at only one end of the tube.

It may be remarked here that a spectrum tube may also
be used to show the two component oscillations of a coil which
has its secondary terminals insulated (i.e. without discharge).

Fia. 62. PurnsaTiNG CURRENT THROUGH TUBE IN
SERTES WITH SPARK

For this purpose the tube should be connected between one
of the secondary terminals and an insulated conductor of con-
siderable capacity, e.g. one plate of a condenser, and the cur-
rent through the tube is then the capacity current flowing into
the conductor. The photograph reproduced in Fig. 63 was
taken in this way, and it shows clearly the two superposed
damped oscillations of the system. The current through the
tube in this experiment is alternating, as shown by the cathode
glow appearing in turn at both ends of the tube.

In the ordinary spark discharge (with given spark length) the
number of pulses in the arc increases with the primary current.
Thus, in the experiment of Fig. 61, the primary current at
break was about twice, in that of Fig. 62, 2-5 times, the least
current required to produce the spark. For a given primary
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current the number of pulses in the arc increases as the spark
length is diminished, and when the gap is only a few milli-
metres wide, and the primary current is largely in excess of
the minimum, the bands become finally merged into one un-
broken band of diminishing intensity representing a continuous
or aperiodic arc.

All these observations on the arc portion of the ordinary
discharge correspond, qualitatively at least, with the solution
represented by equation (83), page 115, for the case in which
the secondary terminals are connected through a resistance

Fia. 63. DouBLE OSCILLATION SHOWN BY TUBE IN SERIES
wiTH CONDENSER

which is not very great. The expression (83) represents a dis-
charge current consisting of an oscillatory superposed upon an
exponentially decaying component.

The view of the matter suggested by these observations is
(1) that the initial spark represents the escape of the static
electricity accumulated on and near the secondary terminals
at the moment when the discharge begins; (2) that the second-
ary current (beginning with the value which it has at this
moment) flows through the arc as an aperiodic decaying cur-
rent; and (3) that superposed upon this aperiodic current is
an oscillatory current having the period of the system. It is
clear that, on this view, the arc should become alternating
if the secondary current immediately before the discharge
begins is sufficiently reduced, and this is found to be the
case. In the oscillations preceding the discharge the secon-
dary current is zero at the moment of maximum potential
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(1, = 02%’ = 0), so that if the primary current is adjusted
to a value equal to, or only slightly exceeding, the minimum
required to produce the spark, the discharge begins with very
little current flowing in the secondary coil. Two or three
pulses are then generally observed, and these are found to be
alternating, i.e. a negative band has appeared between the first
two positive bands. This effect is shown in Fig. 64, a repro-
duced photograph of the spectrum tube when in series with

Fi1c. 64. ALTERNATING BANDS IN SPARK DISCHARGE

a 6-5 cm. spark between sphere electrodes, the primary current
only slightly exceeding the minimum required to produce the
spark. The alternating character of the discharge is here shown
chiefly by the manner in which the luminosity of the narrow
part of the tube is connected with that surrounding the elec-
trodes, this connection being much more marked at the nega-
tive than at the positive end. On the ground glass plate it
is also shown by the difference of colour, the cathode glow
appearing alternately at the upper and lower ends of the tube.
The alternating bands of Fig. 64 are clearly distinguished from
those of Fig. 63 by the facts that in the experiment of Fig.
63 there was no discharge and that in the photograph repro-
duced in Fig. 64 there is only one oscillation. In fact, the
bands in Fig. 63 represent capacity current, those in Fig. 64
represent discharge current.
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As the primary current is increased, the second or reversed
band of Fig. 64 becomes narrower and ultimately disappears.
A trace of a narrow reversed pulse is seen between the first
two positive pulses of Fig. 61, where it is shown only by the
glow at the negative electrode.

Still another way of showing the pulsating current in the
ordinary discharge is by means of the current oscillograph,
this instrument being connected in the secondary circuit in
series with the spark. Fig. 65 shows two curves obtained in

F1c. 65. CURRENT OSCILLOGRAMS OF SPARK DISCHARGE

this way, each of which indicates the small unidirectional pul-
sating current in the arc. In the upper curve, the primary
capacity was 2 mfd., in the lower 1 mfd., and the frequencies
of the two waves are in the inverse ratio of the square roots
of these numbers. Probably, the initial spark contains a high-
frequency oscillation, but this would, of course, not show in
a curve obtained with a mirror oscillograph.

With regard to the variation of potential in the ordinary
spark discharge, the potential first rises, as explained in Chap-
ters II and III, to the value required to produce the spark,
and then falls with great rapidity to zero or to a value com-
parable with the low potentials which prevail during the arc
portion of the discharge. The two potential curves in Figs. 66
and 67 (for 18-4 and 12-1 cm. sparks respectively) show the
rapid fall of potential to zero in the initial spark, but on the
scale of these illustrations the low potential during the arc
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would not be noticeable. In these two experiments, the primary
current was only slightly in excess of the minimum required
to produce the spark, the arc was, therefore, of very short
duration, and the small oscillations seen in Figs. 66 and 67

Fic. 66. POTENTIAL OSCILLOGRAM OF 18:4 cM. SPARK DISCHARGE

after the rapid fall to zero are due to the energy remaining
in the coil system after the discharge has ceased.

It will be seen in Fig. 61 that the arc bands have the same
shape as the initial spark, showing that the arc and spark
currents travel along the same path. It is evident that in this
type of discharge, in which the initial spark represents the dis-
charge of a very small capacity, this spark leaves its path
sufficiently ionized to allow the subsequent arc current to

Fi1a. 67. PoTENTIAL OSCILLOGRAM OF 12:1 cM. SPARK
DISCHARGE

traverse the gap at a comparatively verv low potential. The
property of a spark of leaving its path ionized seems, however,
to depend very greatly upon the capacity associated with the
secondary coil.

Spark Discharge with Secondary Condenser. When the spark
electrodes are connected with the plates of a condenser, and
the primary current is moderately in excess of the minimum
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required to produce the spark, the discharge, instead of con-
sisting of a bright spark followed by a faint pulsating arc, now
takes the form of a series of sparks. Two examples of this
type of discharge are given in Figs. 68 and 69, each showing

Fi1c. 68. MULTIPLE SP\RK DISCHARGE OF CONDENSER

the discharge between platinum points at one interruption of
the primary current, the plates of a glass condenser being con-
nected with the spark terminals. The secondary capacity was
the same in both experiments, but the primary capacities were
different. The current in the successive sparks in these illus-
trations is in the same direction, and they follow one another

Fr1e. 69. MuLTIPLE SPARK DISCHARGE OF CONDENSER

with a certain regularity, the interval between them being
directly proportional to the square root of the capacity con-
nected across the interrupter. The frequency of the discharges
is, in fact, given approximately by the expression (84), page 122,
for that of the primary circuit with the secondary short-cir-
cuited, being but slightly, if at all, affected by the capacity
connected with the secondary terminals.

The potential is usually highest in the first and the last of
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the sparks which are also usually the brightest. The sparks
frequently become multiple, especially if they are rather short,
so that they appear in the rotating mirror as a number of groups.
Thus, in Fig. 68, the third spark is double, indicating a tendency
on the part of the condenser to exhibit a number of partial dis-
charges rather than one complete discharge. With a narrower
gap, the number of sparks in a group may be considerably
greater, as in the photograph reproduced in Fig. 70, taken
with a 4 mm. spark in parallel with an oil condenser. If the
primary condenser is disconnected, the grouping disappears,
as shown in Fig. 71. The frequency of the sparks in a group
is increased by reducing the capacity connected with the spark

Fia. 70. GrouPED MULTIPLE Fice. 71. UNGROUPED
SPARKS MULTIPLE SPARKS

terminals, is diminished by increasing the spark length, and
does not seem to be affected by varying the secondary self-
inductance, e.g. by drawing out the primary and core along
the axis of the secondary. The frequency is, of course, much
less than that of the high-frequency oscillations of the circuit
formed by the condenser, its connecting wires, and the spark
gap; each spark, presumably, contains a train of these
oscillations. ,

The total number of sparks occurring in a single discharge
of the induction coil, i.e. at a single interruption of the primary
current, increases with the primary current up to a certain
point, when it suddenly becomes reduced to a small number,
sometimes only one or two. These are then seen to be followed
by a very faint pulsating arc. At this transient stage the dis-
charge may take the form either of—

1. A large number of sparks (as many as 60 were found in
one photograph),* or of

2. A small number of sparks followed by a faint pulsating
arc, the arc frequently showing a few sparks at its end as well
as at its beginning.

* Examples of short multiple sparks are shown in Fig. 111, p. 211,
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The first type of discharge is the more suitable for exciting
a Tesla coil, or other high-frequency oscillation transformer,
from the secondary of which fuller and brighter sparks—they
are also evidently multiple—can be drawn when the exciting
discharge is of the form (1) than when it is (2). As the primary
current ¢, is increased the arc becomes brighter, and the appear-
ance in the rotating mirror becomes similar to that of Fig. 61,
the period of the arc pulses also being given by the same
expression.

It appears from these observations that the presence of a
condenser in parallel with the spark gap has a considerable
influence in hindering the formation of an are, though it does
not altogether prevent it. The ionization which a condenser
spark leaves in its path is not, unless the primary current greatly
exceeds the minimum required to produce the spark, sufficient
to prevent subsequent high potential sparks from appearing,
but is sufficient to make the secondary coil behave (as shown
by the frequency of the grouped sparks) as if its terminals
were connected by a moderately small resistance. The tend-
ency of the condenser to show partial discharges is less easy
to explain, but probably all the phenomena are associated
with the strong high-frequency oscillating current flowing in
the local circuit formed by the condenser and the spark gap.

The difference between the ordinary and the multiple spark
types of discharge is of much importance in connection with
the theory of spark ignition, which will be considered in Chapter
VIII.

Discharge Through an X-ray Tube.* It has already been
indicated that the quantity of electricity passing in the dis-
charge through a high vacuum is much less, for a given change
of induction through the secondary coil, than that which
passes in the ordinary spark discharge in air at atmospheric
pressure (see curve H, Fig. 60, page 120). The discharge
through X-ray tubes is further illustrated by the curves in
Fig. 72, which show the quantity, in microcoulombs, passing
through two X-ray tubes at a single interruption of various
primary currents. The corresponding changes of induction are

* The Electrician, p. 168, 15th Aug. ; p. 201, 22nd Aug., 1919. Journ Rént.
Soc., 16th April, 1920.
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given below the diagram of Fig. 60. At the time when the
measurements of Fig. 72 were made, the two tubes were in
a rather “soft”’ (low vacuum) state, and the form of the curves
shows that the quantity discharged increases more rapidly than
in proportion to the change of induction through the secondary
circuit. Apart from the fact that the curves do not begin at
zero—no discharge passes unless the primary current exceeds
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Fia. 72. QUANTITIES DiSCHARGED THROUGH X-RAY TUBES

a certain minimum value—the deviation from proportionality
is, however, within the range covered by Fig. 72, not so great
as to lead one to expect that the wave-form of potential during
the discharge would differ very greatly from that found when
the secondary terminals are connected through an ordinary
high resistance. For soft X-ray tubes the wave-form is, in
fact, more or less of this type, that is, the potential falls rather
gradually, though somewhat irregularly, from the maximum
value, with considerable prolongation of the time occupied by
the first half wave of the principal oscillation. Some examples
of these wave-forms, taken with the electrostatic oscillograph,
are shown in Fig. 73.
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The three curves in Fig. 73 were obtained at the interruption
of the same primary current (10-35 amp.), and when the tube
was disconnected the wave-form was that shown in Fig. 45,
page 87. In the uppermost curve, the maximum potential is

Fic. 73. POTENTIAL OSCILLOGRAMS OF X-RAY TUuBE

96,000 volts, and to judge by the rounded form of the curve
near the summit the discharge begins before the maximum is
reached, probably at 85,000 volts. From the maximum, the
potential falls gradually to a minimum at 57,000, and then
rises to a second maximum of 60,000 volts from which it falls
to a value of about 30,000 to 35,000 volts at which the dis-
charge ceases. After this, the potential varies with the usual
two frequencies of the coil with open secondary, The whole
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duration of the discharge is about 0-0028 sec., which is much
less than that of the ordinary spark discharge in air at atmo-
spheric pressure.

If we take the mean potential during the discharge in Fig.
73 as 70,000 volts, we can form an estimate of the energy spent
in the discharge. From curve A (Fig. 72) we find that the
quantity of electricity passing through this tube at 7, = 10-35
amperes is 94 microcoulombs. Thus, the energy dissipated in
the discharge is 70,000 X 94 X 10-® = 6-6 joules. The initial
energy in the primary circuit 1L,:,* being 9-6 joules, the ratio

F1a. 74. PoTENTIAL OSCILLOGRAM OF X-RAY TUBE

of the energy spent in the tube to the energy supplied to the
system, i.e. the “efficiency of discharge,” is about 69 per cent.
Probably only a small fraction of the energy of discharge is,
however, usefully employed in generating X-rays.

The two lower curves of Fig. 73 are of the same general type,
but there are differences in detail. The maximum potential
is greatest in the lowest curve (98,000 volts), and there is a
pronounced oscillation in the descending portion of the second
curve. The frequency of this oscillation is about 760 per sec.,
which corresponds to that of the more rapid component of
the system with the secondary terminals connected through
a resistance of rather over 2 megohms. When another vacuum
tube was connected in series with the X-ray tube, the frequency
of the oscillation on the descending portion of the curve was
increased, as shown in Fig. 74. In this case, the frequency is
about 960, which corresponds to the more rapid component
when the terminals are connected to a resistance of nearly
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4 megohms. If the primary current is much increased, the
oscillation becomes more marked, and a long train of these
oscillations may sometimes be observed as the potential falls
from its maximum value.*

An examination of these wave-forms, therefore, leads us to
the conclusion that in some respects the discharge through a
soft X-ray tube follows a similar course to that of the discharge
through a moderately high ohmic resistance, but that there
is a remarkable difference between the two cases in regard to
the damping of the two component oscillations of the system.
If the same coil were used to produce discharge through an
ordinary resistance of 2 or 4 megohms, both components would
be oscillatory, and both strongly damped, but the more rapid
component would be so much more strongly damped than the
other that its influence on the wave-form would be scarcely
noticeable (see Figs. 57, 58, 59). On the other hand, during
the discharge through a soft tube, the slower component may
be so strongly damped as to become aperiodic, while the more
rapid component remains strongly in evidence. The full ex-
planation of this difference has not been discovered, but the
present experiments seem to suggest that the strong damping
of the slower component in a gas tube is due to that portion
of the current which is carried by positive ions, while the
rapid fluctuations of the current representing the higher fre-
quency component are chiefly conveyed by the electrons. It
is, at any rate, certain, as we shall see later, that the cathode
ray current does fluctuate in accordance with the frequency of
the more rapid component of the system. In a metallic con-
ductor, it is believed, the whole current is conveyed by elec-
trons, but their free path in a metal is so short that collisions
are frequent and both component oscillations are strongly
damped in accordance with Ohm’s law.

When the tube had been hardened by running for some time
with a motor interrupter, the potential curve was of a quite dif-
ferent character. Instead of showing the aperiodic fall of poten-
tial from the maximum, the curve for the hard tube had much
more closely the general form observed when the secondary

* The oscillations are well shown by an oscilloscope tube connected in
series with the X-ray tube.
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terminals were insulated, but the first half-wave contained a
number of deep indentations, indicating that a portion of the
discharge took place in a number of sharp pulses, each accom-
panied by a rapid fall of potential. An example of this type of
curve, showing three pulses, is given in Fig. 75. The number of
pulses increases with the primary current and their frequency,
which is quite unrelated to any of the frequencies of the coil
system, may be several thousands per second at strong cur-
rents. Similar sharp indentations in the potential curve for

Fi1c. 75. POTENTIAL OSCILLOGRAM OF HArRD TUBE

hard tubes have been observed by A. Wehnelt,* who experi-
mented with a coil supplied with alternating currents.

It seems clear that the current pulses represented by these
indentations in the potential curve are occasioned by the
nature of the discharge path rather than by any property of
the system employed in generating the potential. Their rela-
tion to the discharge current does not appear to have been
definitely ascertained, but it is certain that they do not repre-
sent the whole of the discharge current through the tube, and
that they are accompanied by similar fluctuations in the cathode
ray portion of the current. This latter fact may be demon-
strated by photographing the X-rays emitted by the tube
(through a narrow slit in a lead screen) simultaneously with
the potential wave-form on a moving plate.t It will be found
that the X-ray band on the plate shows a number of intermit-
tences corresponding exactly with the indentations of the poten-
tial curve. The fact that the pulses represent only a small

* Ann d. Phys., 47, p. 1112 (1915).
+ See T'heory of the Induction Coil, pp. 158-60.
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proportion of the whole discharge current may be shown by
examining a spectrum tube, connected in series with the X-ray
tube, in a rotating mirror. The spectrum tube shows an intense
discharge band without any trace of fluctuations correspond-
ing to the pulses.

Further experiments are desirable to ascertain the exact
nature and cause of these current pulses which appear to be
characteristic of the discharge through gases within a certain
range of low pressure.

Delayed Discharge. Another peculiarity often observed in
the discharge through high vacua is the very variable potential

Fi1c. 76. DELAYED DISCHARGE

at which the discharge begins. The discharge through a tube
in a fairly “soft”’ condition may normally begin at a compara-
tively low potential, but sometimes the commencement is de-
layed until the potential has risen to a much higher value. An
example of this delayed discharge is shown in Fig. 76, in which
the potential rises nearly to the maximum attainable with the
tube disconnected before falling rapidly to the normal value
at which the later portions of the discharge take place. The
potential curve for the normal discharge through the same tube
is shown in Fig. 77. The normal and the delayed discharge
may occur at the same value of the primary current, and when
this is the case, the abnormal discharge is indicated by a much
less intense fluorescence of the tube. The abnormal discharge
may also be indicated by a spark gap connected in parallel
with the tube, the spark length being of course greater when
the discharge is delayed.
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In some cases, the commencement of the discharge is so
long delayed that it does not occur at all in the first half-wave,
but takes place in the second, or negative, half-wave of the
potential oscillation. When this happens, the discharge through

F1G. 77. NORMAL DISCHARGE

the tube is in the wrong direction, as is clearly shown by the
form of the fluorescent area of the tube, or by a ballistic gal-
vanometer connected in series with the tube, which gives a
deflexion in the negative direction. This reversal of the dis-
charge at break was observed by Duddell* when examining

Fic. 78
a = Reversed discharge at break. b = Direct discharge at break.

the current through an X-ray tube by means of an oscillograph
connected in series with it.

The reversed current at break is illustrated by the two
potential oscillograms of Fig. 78, the upper of which shows the
potential wave-form when the discharge is delayed to the second
half-wave and is, therefore, negative, the lower curve repre-
senting the normal, or direct, discharge. The corresponding
wave-form when the tube was disconnected was similar to that

* Journ. Rént. Soc., iv, 17 (1908).
10—(5729)
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shown in Fig. 48. The two curves of Fig. 78 were taken at
the same primary current, but the discharge can always be
made to pass the right way by sufficiently increasing the cur-
rent. The maximum secondary potential attainable without
discharge appears to be the chief factor determining the direc-
tion of the discharge. The higher this maximum is the less
likelihood is there of the discharge being delayed beyond it
and becoming reversed.

Discharge Through a Coolidge Tube. It might be expected
that when the discharge takes the form of a pure electron

F1a. 79. PoTENTIAL OSCILLOGRAM OF COOLIDGE TURE

current, as in a very high vacuum tube with hot cathode, the
wave-form would be of a rather simpler type than those ob-
tained in experiments with gas tubes, and this anticipation
is confirmed by the following observations on a Coolidge tube.
In Fig. 79 is shown the wave-form of the terminal potential
of a Coolidge tube when the filament current was 4-5 amp.—
nearly the maximum value for this tube. When the filament
current was zero, the curve was similar to that of Fig. 45,
page 87. As the filament current is increased from zero (with
the primary current kept constant), the amplitude of the curve
diminishes, that of the second and following half-waves be-
coming smaller relatively to the first, showing that an increas-
ing proportion of the energy of the system is being absorbed
by the discharge in the first half-wave. At the same time the
form of the first half-wave varies, the second peak, initially
considerably higher than the first, becoming relatively smaller.
This effect is to be expected as a consequence of the increased
damping of the oscillations arising from the growing discharge
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through the tube. The same change is observed, for example,
when a water resistance connected with the secondary ter-
minals is reduced in value.

When the filament current reaches 4-0 amp., the two peaks
of the first half-wave are equal, at 4-25 amp. the second peak
is decidedly smaller than the first, and by this time the second
and succeeding main half-waves have practically disappeared.
At stronger filament currents the more rapid oscillation still
persists, and it is well marked in Fig. 79. If the primary
capacity is now increased, the depression in the curve represent-
ing the more rapid component moves back along the curve,
as it does when the secondary terminals are insulated, indicating
an increasing frequency-ratio. The two peaks become equal
again at about 5 mfd.

The curve of Fig. 79 shows no indication of the sharp
indentations observed in the case of an ordinary high-vacuum
X-ray tube, nor is there any evidence of a prolongation of
the time occupied by the positive half-wave as is found with
a rather low water resistance and in an ordinary low-vacuum
tube. The time of return to zero potential is, in fact, appar-
ently shorter in Fig. 79 than when the filament current is zero.

The maximum potential indicated in Fig. 79 is about one-
half the maximum attained at the same primary current with
the filament cold. The same proportional reduction of maxi-
mum voltage would be produced by connecting a water resis-
tance of about 2 megohms between the secondary terminals
(sec Fig. 54, page 115). The Coolidge tube curve of Fig. 79
does, in fact, resemble the 2-megohm curves of Figs. 57 and
58, with one important difference, however, viz. that in the
discharge through an ohmic resistance of 2 megohms the more
rapid oscillation is very much more strongly damped than the
slower component and makes no visible appearance in the
oscillogram, while in the Coolidge tube curve showing the same
proportional diminution of maximum potential, and, therefore,
indicating the same damping of the slower component, the
small oscillation is still strongly in evidence. The result seems
to confirm the suggestion, already made in the discussion of
the observations on gas tubes (see previous paragraph), that
in the discharge through gases at low pressure, the electron
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current favours the more rapid component oscillation of the
system.

If we compare the Coolidge tube curve of Fig. 79 with that
of a gas tube of fairly low vacuum (see Fig. 73) we find here a
greater difference. The gas tube absorbs much more strongly
the energy of the slower component, with the result that this
component easily becomes aperiodic, and has its first half-wave
considerably prolonged. This effect seems to be completely
absent in the Coolidge tube, at least it is so within the range
of the present observations. As to the more rapid component
this is treated much in the same way by the two kinds of tube,
neither having any marked damping effect upon it. It may be

Fia. 80. PoTeNTIAL OscCILLOGRAM OF CoOLIDGE TUBE oN A.C.
CirculT

said, in fact, that a Coolidge tube deals with the slower com-
ponent approximately as an ohmic resistance would do, but
in its treatment of the more rapid oscillation, it more closely
resembles the gas tube.

Another marked difference between the curves of Fig. 73
and that of Fig. 79 is that in the former the oscillations of
the system continue after the discharge has ceased, while in
the latter there is no trace of such oscillations after the first
positive half-wave. This difference doubtless arises from the
fact that in the gas tube the discharge begins and stops at
a finite potential, so that there is a considerable amount of
energy left in the system (then subject to comparatively small
damping forces) when the discharge has run its course. In the
Coolidge tube on the other hand, the discharge begins from zero
and continues until the potential again becomes zero, so that
the energy can, if the filament emission is sufficiently great,
be entirely absorbed in the first half-wave.

Fig. 80 is a curve obtained with the electrostatic oscillograph



INDUCTION COIL DISCHARGES 141

connected to the terminals of a Coolidge tube excited by a
high-tension transformer supplied with alternating current.
The higher peaks in the curve represent, of course, the negative
portions of the wave, during which no discharge passes. In
the three smaller half-waves the potential is much reduced
by the (rectified) discharge.

On X-ray Production. The question of the most effective
adjustment of a coil for X-ray production does not appear
to have received very much attention, although it is desirable
in several investigations and applications of X-rays to be able
to produce the most intense beam possible with the generating
apparatus available. The following is an account of an experi-
ment on this subject made by the writer, in which a comparison
is made of some adjustments, but which is far from being an
exhaustive inquiry into the subject. The method adopted was
to expose one-half of a photographic plate to the rays pro-
duced in one adjustment of the coil, the other half to the rays
in another adjustment, the number of breaks and the primary
current at each break being the same for both halves. The
plate was wrapped in thick paper and placed inside a card-
board box to the interior of which was attached an oblong
metal plate composed of five parts. One end of the plate was
of aluminium 1 mm. thick, covered with lead 1-27 mm. thick,
the next section of aluminium 1 mm. thick, the remaining three
sections in order, of aluminium 0-75 mm., 0-5 mm., and 0-25 mm.
thick respectively. Thus, the photographic effect of the rays
produced in any two adjustments could be compared after the
rays had passed through the cardboard and paper alone, or after
they had passed through the above thicknesses of aluminium.

The box containing the plate was mounted in a certain
position 2 ft. from the centre of the tube. A lead screen could
be moved over the box so as to cover either half of the plate,
and at the same time to cover either half of the composite
metal plate. Preliminary experiments showed that the slight
difference of position of the two halves of the plate did not
cause any difference in the photographic effect upon them.
No attempt was made to measure the density of the photo-
graphic negatives, the object being merely to find the ““opti-
mum” of a number of adjustments.
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The coil used in the experiment had its four primary sections
all connected in parallel, and the first series of observations
had for their object the determination of the optimum primary
capacity. In the X-ray exposures, 200 flashes were allowed to
fall upon each half of the plate, the primary current (10-0 amp.)
being adjusted after each 25 breaks. Comparison of the effects
of various capacities taken in pairs showed that 3 mfd. was
better than 2 mfd. and than smaller values, and that 4 mfd.
was better than 5 and larger capacities. Compared directly,
3 and 4 mfd. gave equal effects, the two halves of the plate
being equally dense. Thus we may take 3-5 mfd. as the best
capacity for X-ray production in the circumstances of these
experiments. With the tube connected but with a primary
current insufficient to cause the tube to glow, the longest spark
appeared when C; was about 2mfd. At a primary current of
10 amp.—which current was about 3-3 times the least current
required to cause the tube to glow—the most effective primary
capacity for X-ray production was thus about 1-75 times the
capacity which gave the highest secondary potential when the
terminals were insulated.

The system was now varied by adding series inductance,
in the form of an air-core coil of about 0:005 henry, to the
primary circuit, the coupling being thus reduced to about 0-54.
In this case the capacity which gave the highest secondary
potential with secondary terminals insulated was 3-5 mfd. At
10 amp. the most effective capacity for X-ray production was
found, in the manner just described, to be 4-5 mfd. It appears,
therefore, that if the primary current at break is not more
than 3 or 4 times as great as the least required to produce
discharge, the most suitable capacity for radiographic purposes
is not much greater (1-3 or 1-75 times as great in the present
experiments) than the value which gives the highest potential
with the terminals insulated.

The ““optima’ in the above two cases were then compared
directly, i.e. one-half of the plate was exposed to the rays
when the coil was provided with the series inductance and
4-5 mfd., the other half with 3-5 mfd. and no series inductance.
The exposure of each half was 200 flashes, the current at each
break 10-0 amp. The result showed a very marked difference
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in favour of the series inductance. This photograph is shown
in Fig. 81, the lighter portions representing those parts of the
plate on which fell the more intense photographic rays. The
lowest (and largest) section of the composite plate is the lead-
covered portion.

It will be seen that the rays produced when the series in-
ductance was in circuit (left-hand half) were much more intense
photographically than those emitted when the inductance was
absent, both before and after their pas-
sage through the various thicknesses of
aluminium. A comparison of the two
wave-forms in this experiment showed
that the maximum potential at the ter-
minals of the tube was 1:25 times as
great with the series inductance as with-
out it. It is, however, not always the
case that maximum potential is accom-
panied by maximum intensity of radia-
tion (compare, for example, the effects
of delayed discharge, page 136).

It is, of course, to be expected that the
energy of the discharge will be greater
with than without the series inductance ¥1¢.81. Comrarison or
. . . . X-raY EFFECTS WITH
in these experiments, since the primary  )iyyereEnT PRIMARY
current at break was constant, and there- INpucTANCES
fore more energy was supplied to the sys- P! primary currents.
tem when the extra coil was in circuit; for a given primary
current, the energy supplied, represented by 1L, is propor-
tional to the total primary self-inductance. It does not follow
from the experiments just described that the efficiency of X-ray
production is improved by inserting external inductance in the
primary circuit. This point was tested by making the com-
parison when the quantities of energy supplied to the system
were equal. The ratio of the primary self-inductances with and
without the extra coil was, in the present case, 1-43. Conse-
quently, if the current with the additional coil in circuit be
1V/1-43 times the current when the air-core coil is disconnected,
the energies supplied will be equal. Accordingly, one-half of
the plate was exposed at 10-0 amp., 3-5 mfd., and with no series
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inductance, the other half at 8:38 amp., 4-5 mfd., and with
the air-core coil.* The photograph is shown reproduced in
Fig. 82, the right-hand half being the exposure with the series
coil in circuit. It again indicates a decided superiority of the
radiographic effect with the additional primary inductance.
It follows, therefore, that in the circumstances of the present
experiments not only is the photographic effect of the X radia-
tion, for a given primary current, improved by adding external
series inductance to the primary cir-
cuit, but the efficiency of production of
the rays is alsoincreased by this means.

When the primary current at break
is increased, the (radio-graphically)
most effective primary capacity also
becomes greater. The improvement
effected by the use of extra inductance
coils in the primary circuit was ob-
served at much stronger currents, also
when the primary sections were con-
nected in series. It is an advantage
from the practical point of view that
the optimum primary capacity for
X-ray production increases with the

Fi1a. 82. COMPARISON OF

X-ray EFFEcTs WITH primary current, since with stronger

DIFFERENT PRIMARY e te 3
INDUCTANCES currents a larger capacity 13 In any

Equal energics in primary. case required to ensure satisfactory

working of the interrupter.

A much more extended series of experiments on X-ray pro-
duction was carried out by Professor J. A. Crowther,} who
photographed simultaneously on a moving plate the wave-
form of the terminal potential of an X-ray tube, that of the
current through the tube, and the beam of X-rays transmitted
through a narrow slit, a portion of the beam passing also
through an aluminium wedge. The chief types of potential
wave-form were obtained, and in particular, Professor Crowther
showed that when the wave-form of a soft gas tube consists

* The energy supplied was, in fact, rather less with than without the
air-core coil, since, owing to the variable permeability of the iron core, the
self-inductance of the primary coil was smaller at 8-:38 than at 10-0 amperes.

1 Brit. Journ. Radiol, XX, April (1924); XXI, April (1925).
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of an aperiodic component with a long train of oscillations
superposed upon it (see page 133), the X-ray impression on
the plate is also drawn out into a long band with intermit-
tences corresponding to the oscillations of the system. This
shows clearly that (as indicated in the previous paragraph)
the cathode ray current forms at least a considerable part of
the rapidly fluctuating component of the current through the
tube.

Among the conclusions drawn by Professor Crowther from
his experiments are—

1. That the intensity of the X radiation is proportional at
each instant to the product of the values of the current and
the square of the potential.

2. That in working conditions the voltage on a Coolidge
tube is far beyond the saturation value.

3. That the peak current through a gas tube is proportional
to the difference of the squares of V, the peak potential on
the tube, and V,, the breakdown voltage of the tube.

4. The square of the peak voltage on a gas tube is approxi-
mately proportional to the primary current at break.

Recently, a method of X-ray production has come into
favour in which a condenser, previously charged to a high
potential, is discharged through the tube. The writer is not
aware that this method has yet been made the subject of
oscillograph study; it would be of much interest to compare
the wave-forms obtained in this method of exciting the tube
with those observed when coils or transformers are employed.



CHAPTER VI
THE DIFFRACTION OF ELECTRONS BY THIN FILMS*

IN this chapter we will give an account of some experiments
on the diffraction effects exhibited when a narrow pencil of
cathode rays is transmitted at high velocity through a thin
film of solid material. With a view to indicating the nature
of the effects to be expected, it will be well to preface the
description of the experiments with a short account of the
theoretical aspect of the subject.

Matter and Radiation. One of the most remarkable develop-
ments of modern research in physics is concerned with the
relations between matter and radiation. The more closely the
properties of radiation (that is, heat, light, X-rays, etc.) are
studied, the greater the number of them which appear to be
identical with those possessed by ordinary material bodies.
The idea of the similarity between radiation and matter may
be said to have originated in 1873, when Clerk Maxwellf
showed that, according to his electromagnetic theory of light,
a beam of light should exert a pressure upon the surface of a
body on which it falls. The magnitude of this pressure was
shown to be equal, if the incidence is normal and if the radia-
tion is absorbed by the surface, to the energy contained in
unit volume of the beam. The pressure of light was demon-
strated experimentally by Lebedef in 1899, and a few years
later it was studied by the late Professor Poynting who intro-
duced the idea that since light exerts thrust on a surface upon
which it is incident it may be regarded as possessing momentum.
If we consider a beam of unit cross-section incident normally
upon the surface, the energy in unit volume of the beam being
E, and the velocity of light being ¢, the pressure E on the
surface is equal to the momentum destroyed by the surface
per second, that is, the momentum contained in a length ¢

* A considerable part of the substance of this chapter was contained in
the first Selby lecture, given at Univoersity College, Cardiff, on 3rd March,
1931. See also Phil. Mag., p. 641, Sept. (1931).

1 T'reatise on Electricity and Magnetism, Vol. IT, Sect. 792.
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of the beam. Consequently, the momentum in unit volume
of the beam is equal to E/c. Now, whatever be the nature of
light, it is something that travels with velocity ¢, and this
must be one factor in the expression for the momentum. The
other factor must be of the nature of mass, and denoting by
~m the “mass” per unit volume of the beam, we have the
relation—
E

me — —
c

or B =mc2 . . . . . . . (85)

So far, we have arrived at a number of points of resemblance
between radiation and matter. Radiation possesses energy,
momentum, and something akin to mass and density, all well-
known properties of ordinary material bodies. These proper-
ties may, however, equally well be said to be possessed by other
kinds of radiation. Sound waves, for example, exert pressure
on a surface, and the momentum per unit volume in a beam
of sound may be represented by the energy per unit volume
divided by the velocity of propagation of sound. The speci-
ally close analogy between light (including heat, etc.) and
matter, which distinguishes light in this respect from sound
and other kinds of wave motion, is arrived at by other
considerations.

By a quite different line of argument, based upon Einstein’s
Special Theory of Relativity, it has been shown that the energy
of any material particle of mass m can be expressed as mc?, c
being the velocity of light. This includes the total internal
energy of the particle as well as the ordinary kinetic energy
due to its motion. The latter portion is represented by the
variation of the mass of the particle with its velocity according
to the equation—

my

0 86
I =0

m =

m, being the mass of the particle when at rest relatively to
the observer.
It appears, therefore, that not only does a beam of light



148 INDUCTION COIL

possess energy, but the expression for the amount of this
energy is of precisely the same form as that which represents
the energy of a material particle.

Another remarkable resemblance between radiation and
matter is derived from thermodynamic considerations. Tt is
found that the radiation in an enclosed vacuous space is subject
to the same thermodynamic laws as those applicable to material
systems. The radiation possesses energy and, owing to the
pressure which it exerts upon the walls it does work when
the enclosure expands. The laws of thermodynamics, when
applied to such an enclosure at a uniform temperature, are
found to lead to results which agree perfectly with experiment.
For example, the Stefan-Boltzmann law that the energy of
the radiation per unit volume is proportional to the fourth
power of the absolute temperature may be deduced by thermo-
dynamic reasoning and has been amply verified by experiment.
It is true that the relation between pressure and temperature
is not the same for radiation as it is, for example, in the
case of a gas, but the fundamental thermodynamic laws are
precisely the same for both.

A still more striking point of resemblance between radiation
and matter has emerged from the quantum theory. In Planck’s
original form of the quantum hypothesis there was no sugges-
tion that radiation possessed anything in the nature of an
atomic structure. This idea was introduced later by Einstein,
and the view that radiation exists in the form of groups of
waves, called variously “light quanta,” “light particles,” or
“photons,” the energy of each group being proportional to
the frequency of the waves in it, has since received more and
more general acceptance owing to its adaptability in the
explanation of many of the phenomena of radiation.

When we think of these numerous properties, dynamical,
thermodynamic, atomic, which matter and radiation possess
in common, it does not seem very unnatural to go a step
further and assume that every particle of matter has in some
way associated with it a group of waves, the energy of which
represents the energy of the particle. This is the starting-point
of de Broglie’s undulatory theory of matter.*

* Ondes et Mouvements (Paris, 1926).
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Bringing in the quantum relation we have two equivalent
expressions for the energy of the particle, viz.—

me? = hv . . . . . . . (87)

where kb is Planck’s constant, and » is the frequency of the
agsociated waves
If v is the velocity of the particle, its momentum is—

hv
7 _

cElv

. hy

=— ... #

where u is a velocity related to the velocity of the particle
by the equation
uy = c* . . . . . . . (89)

The velocity w is identified by de Broglie with that of the
waves associated with the particle. 1t is clear that, v being
less than ¢, the phase velocity of these waves must be greater
than that of light.

Further, the phase velocity of the waves divided by their
frequency, that is, u/v, is equal to their wavelength. Denoting
the wavelength by 4 we find from equation (88)—

h

= e . . . . . . . 0
A mv (%0)

Equations (89) and (90), giving the velocity and the wave-
length of the associated waves, are the fundamental equations
of de Broglie’s theory.*

By means of equations (86), (89), (90), the wavelength 4
can be expressed in terms of the velocity of propagation wu,
the result being—

oo
=z - — 2 _ o2
A moc‘l‘/“ e . . ) ) ) . (91)

The wavelength of the associated waves, therefore, increases
with their velocity of propagation. Now, it is a well-known

* Do Broglie showed, by an application of the Lorentz transformation,
that a series of stationary waves associated with a particle at rost would
appear, to an observer moving relatively to it with velocity — v, as a system
of waves tho phase of which travels with velocity u, the amplitude with
velocity v.
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fact in the theory of wave motion that if the velocity of propa-
gation depends upon the wavelength (as in a dispersive medium),
the group velocity differs from that of the waves, being in
fact equal to w — Adu/dA. Tn the present case, the group velocity
is easily seen, by (91), to be equal to v.

The view presented by de Broglie’s theory is, thercfore, that
a particle of mass m moving with velocity v is in and moves
with (and perhaps consists of) a group of waves, the phase
velocity of which is ¢?/v, the wavelength of which is &/mv, and
the frequency of which is, by (86) and (87)

v moc? (92)
V1 - w2fc? '

The frequency of the waves does not vary much with the
velocity of the particle unless this velocity approaches that of
light.

For example, the waves of an electron travelling at 101° cm.
per sec., that is, at one-third of the velocity of light-—a speed
easily attainable in a cathode ray tube—have, according to (90),
a wavelength of 0-0685 . 10-8 cm., which would correspond to
the wavelength of very hard X-rays. The frequency of these
electron waves would be, by (92), 1-309 . 1020 which is much
greater than that of X-rays of the same wavelength, and the
waves travel at a speed equal to three times that of light.

It may be noticed that the charge of an electron does not
enter into these expressions for its wavelength and frequency,
but since ‘“mass” and “charge’’ are apparently inseparable—
no particle is known to exist unassociated with charge, no
charge free from mass, and according to one view the mass
of a particle is entirely due to the charges which it contains—
there must be some fundamental relation between them,* and
there is every probability that if matter can be described in
terms of waves, the same may be said of electricity

Apart from these considerations, it has been shown by Sir
J. J. Thomson,t as a consequence of electromagnetic theory,

* Apparently, such relation cannot bo of the most siraple type, for a proton
has a mass 1,845 times that of an electron while their charges are numerically
the same.

t Phil. Mag. v., p. 191, 1928,
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that a moving charged particle is accompanied, owing to varia-
tions in the distribution of the lines of force which it carries
with it, by a system of waves the wavelength of which is in-
versely proportional to the momentum of the particle, and the
phase velocity of which is related to the velocity of the particle
by equation (89). One important difference between the two
theories is that in the theory of de Broglie the product of the
wavelength and the momentum is, by equation (90), an abso-
lute constant, whereas in the theory of Sir J. J. Thomson,
this product depends also upon the distribution of electrons
in the medium through which the waves are passing. It is
a matter for experiment to show whether the wavelength is
determined solely by the momentum or whether there is any
evidence indicating that the wavelength can vary independ-
ently of the momentum.

The First Experiments on Electron Diffraction. The first ex-
periments which showed that electrons possess wave charac-
teristics were those of Davisson and Kunsman,* who directed
a pencil of cathode rays, emitted by a hot filament and acceler-
ated by various voltages up to 1,000, at 45° on to a metal
surface. The electrons scattered by the metal in different
directions were collected and measured, and the results were
found to show maxima and minima of intensity similar to
those observed in optical diffraction experiments.

More definite results were obtained later by Davisson and
Germer,t who directed the pencil normally on to the surface
of a single crystal of nickel, and examined the rays scattered
in different ‘““‘azimuths” as well as in different “latitudes.”
They found very distinet maxima of intensity in azimuth,
corresponding to various reflecting planes of the crystal, and
from their directions and the measured potentials they were
able to calculate the wavelength and the velocity of the elec-
trons and so compare their results with the relation expressed
by the de Broglie equation (90). On the whole, they found
that the quantity Amwv/h, which by (90) should be unity, did
not differ greatly from this value, but that it showed a sys-
tematic diminution with increasing voltage. Thus, for one set

* Physical Review, 22, p. 242 (1923).
t Nature, 119, p. 558 (1927).
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of reflecting planes Amv/h fell off by about 16 per cent as the
potential was increased from 54 to 174 volts. Still the wave-
lengths measured by Davisson and Germer agreed, so far as
their order of magnitude was concerned, with the values indi-
cated by the de Broglie theory.

Another method was first used by Professor G. P. Thomson,*
who transmitted the pencil of cathode rays, generated at much
higher potentials by an induction coil, through thin solid filins
and received them on a photographic plate. Films of celluloid,
gold, aluminium, platinum, and another substance were used,
and the photographs showed systems of concentric diffraction
rings, usually uniform in intensity round the circumference
but, in some cases, with maxima on certain radii indicating
scattering by a single crystal of the substance of the film. By
deflecting the transmitted pencils in a magnetic field, Professor
Thomson showed that the diffracted rays were electrons and
not X-rays. From measurements of the diameters of the rings,
spark-gap measurements of the potential on the tube (and hence
the velocity of the electrons), and from the known crystal
structure of some of the materials examined, Professor Thomson
found close agreement with the de Broglie equation (90), with-
out any systematic deviation from it.

The reflexion method and the transmission method have
since been studied by several other experimenters, with various
sources of potential, various modifications in the apparatus,
and with films of different substances. A list of references
to some of these papers is given at the end of the present
chapter.

The Present Experiments. The following is an account of the
present writer’s experiments on the subject, the main object
of which was to obtain further evidence with regard to the
relation between the velocity and the wavelength of electrons.
The experiments were designed so as to yield perfectly simul-
taneous determinations of velocity and wavelength, a condition
which is necessary if strictly corresponding values of these
quantities are desired.

A diagram of the discharge tube and camera used in the
present experiments is shown in Fig. 83. The thick-walled

* Proc. Roy. Soc., A, 117, p. 600 (1927); 119, p. 651(1928); 125, p. 352 (1929).
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brass tube B serves to connect the discharge tube to the camera
and also acts as anode. At each end of this tube is a circular
aperture about 1 mm. in diameter. About halfway along the
brass tube C is a hinged shutter, S, which lies when open along
the lower part of the tube, but can be closed by a magnet.
At c is a very small aperture in a sheet of tinfoil stretched on
a brass ring, and at about 2 mm. beyond the tinfoil is the thin
film ¥ mounted on a smaller ring which can be placed in differ-
ent positions relative to the axis of the larger ring so as to

(O]

1

Fra. 83 DiscHARGE TUBE AND CAMERA

4 = Discharge tube. D = Camera.

B == (Connecting tube with apertures a b. I’ = Plate.

C = Brass tube with shutter S, dia- G — Spark gap.
phragm E, small aperture ¢, M — Magnet.
and film #,

allow different parts of the film to be examined. A diaphragm
E cuts off rays which would pass outside the rings into the
camera, without hindering the free passage of air from the
camerainto C. From the side-tube in B a connection (including
a liquid-air pocket) leads to a three-stage mercury diffusion
pump and to a McLeod gauge.

The principal dimensions are: cathode to @ 7cm.; a to b
10 em. ; b to ¢ 8:5 cm.; film to plate 18:6 cm.

A spark gap G, having zinc sphere electrodes 2 cm. in diam-
eter, is connected directly to the cathode and the anode, from
which there are also leads to the secondary terminals of an
induction coil.

The three apertures a, b, ¢ are collinear, and small deflexions
of the cathode-ray pencil due to local magnetic fields were

11-(5729)



154 INDUCTION COIL

sufficiently well corrected by bar-magnets placed horizontally
as at M or vertically at the side of the apparatus.

One method of procedure adopted in taking a photograph
was to exhaust the apparatus to a sufficiently high vacuum,
and then to open the shutter (removing the magnet which
held it closed), and to pass a single discharge through the tube,
using a hand-operated mercury interrupter. The examination
of a few plates taken in this way indicated the most suitable
positions in which to place the magnets.

In this method the spark gap is opcned out wide, so that
no spark accompanies the flash which produces the photo-
graph, and the wave of potential applied to the electrodes of
the discharge-tube is of the kind in which the potential rises
rapidly to its maximum value and descends more gradually
from it, the descending portion having a wave superposed
upon it corresponding to the oscillation of the induction coil
in the circumstances of the experiment. The current through
the tube follows a similar course. The cathode-ray strcam
is, therefore, very heterogencous, the faster rays starting first
(or nearly first), and the slower ones following in the later
portions of the discharge. The rings formed have considerable
radial width, the inner edge being due to the rays of greatest
speed, and the outer portions, formed later, to the more slowly
moving rays. This radial separation of the rings for different
speeds might cause considerable overlapping when several
rings are present, but, chiefly owing to the fact that the rings
obtained have maxima of intensity round the circumference,
often on different diameters in consecutive rings, there is in
many cases no difficulty in identifying the rings in spite of
the heterogeneity of the rays. There are also methods, as we
shall see later, by which the production of the slower cathode
rays in the discharge can be almost entirely prevented, so that
only the rings for the maximum speed are formed, or by which
the rings due to rays of different speed can be separated out
laterally on the plate.

By observing the spark length (the shutter being closed) before
and after the exposure a rough idea of the maximum potential
during the exposure may be obtained. When greater accuracy
~wasrequired a rather different method of procedure was adopted.
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The Diffraction Patterns. In Fig. 84 is reproduced a photo-
graph taken with this apparatus, showing a ring having a regular
variation of intensity round the circumference. This photo-
graph was obtained by the method just described, i.e. by a
single flash discharge with the spark gap opened out. In this
experiment the film was of celluloid, too thin to show colours,
and therefore appearing rather dark, in reflected daylight.
The aperture ¢ was oval in shape (as shown by the form of
the central spot), having a greatest diameter of 0-25 mm. and
a smallest of 0-1 mm.

The ring forms a complete circle, but has twelve maxima

F168. 84 AND 85. CELLULOID

of intensity nearly equally spaced on its circumference, indi-
cating that, though there are in the celluloid film reflecting
planes of given spacing inclined at a certain angle 6 to the
direction of the incident rays and otherwise arranged at all
angles about this direction, there are six sets of these planes
which reflect more strongly than the others.

With a smaller aperture c¢ (circular, 0-05 mm. diameter) a
number of other photographs were obtained with celluloid
films showing a ring with maxima in the form of spots or
radial lines on the circumference, sometimes twelve maxima
as in Fig. 84, sometimes twelve arranged as six pairs, and in
some cases only six maxima. Fig. 85 is an example showing
a ring with six maxima.*

Apparently the smallest number of maxima on a ring is
six for celluloid films, and the twelve maxima of Fig. 84 must
be due to two neighbouring portions of the film, each having
three principal sets of reflecting planes inclined at about 60°

* The short “tail” attached to the central spot in Fig. 85 will bo referred
to on pago 161.



156 INDUCTION COIL

to each other, the planes of one portion being inclined at
nearly 30” to those of the other.

The photograph reproduced in Fig. 86 was taken with a
celluloid film which was the nearest approach to a “black”
film that the writer was able to obtain. It was prepared in
the usual way by evaporating a very dilute solution of celluloid
in amyl acetate on a water surface, and the black portion was
found to be separated by a sharp boundary line from the
thicker parts of the film adjacent to it. The discharge was a
“single flash” produced by the interruption of a primary cur-
rent of 26 amp., and the maximum potential in the discharge
was about 58,000 volts.

It will be noticed that the radial streamers of which the
pattern in Fig. 86 is composed are so arranged that their
heads, or inner ends, lic mainly on three concentric circles.
In the inner circle the six maxima are prominent and broad,
and there are other finer maxima, but the cirele is not contin-
uous. The maxima of the second ring lie in the angles between
the six maxima of the first. In the third ring the positions of
the maxima are not so distinet, but from an examination of
a number of similar photographs it was concluded that they
lie chiefly on the same diameters as those of the first ring.
In some of the photographs the third ring was almost contin-
uous, and was surrounded by a fourth ring which was quite
continuous. Details as to the ratios of the diameters of the
rings are given later.

Photographs like that reproduced in Fig. 86 arc quite suit-
able for the determination of the ratios of the diameters of
the rings in a pattern. The inner ends of the radial lines are
sharply defined, owing to the fact that the “peak™ of the
cathode-ray current coincides with that of the potential wave,*
and they form gocd marks for measurement; but when it is
required to measure the diameter of any one ring corresponding
to a given value of the maximum potential applicd to the
tube these photographs are not suitable. Owing to the slight
spreading of scattered pencils on their way between the film
and the plate, the spreading being inwards (radially) as well

* When the rings are continuous the inner edge is sharply defined for the
same reason, as in Fig. 84.
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as outwards, a diameter measured between the extreme inner
ends of the radial lines is rather too small. A better plan
is to isolate the pencils of maximum velocity and measure
between the centres of the spots which they form on the
plate.

This may be effected fairly well by setting the spark gap
to a potential less than the normal maximum which the coil
is capable of giving in the circumstances of the experiment,
and allowing the spark to pass simultaneously with the dis-
charge which produces the photograph. The result of this is
that when the spark passes the potential falls with extreme
rapidity to small values, the current in the usual slowly

F1cs. 86 AND 87. CELLULOID

descending portion of the current wave is all cut out, and the
photograph reduces to a number of spots representing very
short lengths of the radial lines of Fig. 86. Fig. 87 shows a
reproduced photograph taken by this “simultaneous spark”
method, with a single discharge accompanied by a 28-0 mm.
spark (60,000 volts). Owing to the absence of the slower rays
the central spot is smaller and the long radial streamers are
not formed. The intensity of the spots in Fig. 87 is also less
than that of the corresponding parts of Fig. 86. This is because
the time for which the tube electrodes are within a small range
of the maximum potential, and therefore the production of
cathode rays of this potential, is diminished when the spark
is allowed to pass. At lower potentials a single flash with spark
was not sufficient to give a good photograph, but by this
method the discharges may be repeated without fear of blurring
the pattern, since in each discharge the maximum potential
has a definite value determined by the spark length. The chief
advantage of this method is, of course, that the maximum
potential is determined for the actual discharge in which the
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photograph is taken, and the photograph is formed practically
by cathode rays of this potential alone.

Even with this method, however, the cathode rays incident
on the film are not quite homogeneous. Many of the spots in
the first ring of Fig. 87 have short radial “tails” attached to
them, which are probably due to cathode rays generated while
the potential on the tube is rising to the sparking value. Some
of the spots, however, are small and round, and these were
selected as the most suitable for measurement of diameters
of diffraction rings. The diameters of the round spots are about
0-2 mm. for an aperture ¢ of diameter 0-05 mm.

Fics. 88 aAnD 89. CELLULOID

Fig. 88 and Fig. 89 are two more photographs taken by the
‘“simultaneous spark”’ method, each with a considerable num-
ber of flashes, and the sharpness of the inner edges of the
spots in these photographs indicates the degree of exactness
with which repetitions of a pattern may be obtained by this
method. The film was of celluloid, the aperture ¢ 0-0012sq. mm.
in area, and the first photograph, Fig. 88 (800 flashes with
25 mm. sparks), shows six maxima on each ring, while the
other, Fig. 89, taken with a different part of the same film
(600 flashes with 23 mm. sparks) has six pairs of maxima on
each ring.

Fig. 90 is a reproduced photograph taken with a gold film,*
the exposure being 500 flashes with 27-0 mm. sparks. Single
flash photographs (without sparks) were obtained with gold,
but they were too faint to be suitable for reproduction. The
ratios of the diameters of the principal rings in Fig. 90 and the
positions of the maxima upon them are characteristic of the

* A piece of gold leaf thinned with dilute aqua regia.
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face-centred cubic lattice, with four edges of the cube in a
definite direction parallel to the surface of the film. One ring,
a very faint ring smaller than the smallest of the principal
rings, may be due to reflexion by (111) planes, indicating that
in some part of the film the cubic cells are placed in a different
way from those of the main lattice.

In all the photographs obtained with the present apparatus
and gold films, the principal rings showed maxima as in Fig. 90;
in none were they uniform in intensity round the circumference.

Fi1c. 90. GorLp

According to the Bragg method of treating the reflexion of
X-rays by crystals, each spot or maximum on a diffraction
ring, with its diametrically opposite spot, is formed by reflexion
of the waves at a certain set of planes in which all the atoms,
or scattering centres, of the crystal may be arranged. The
diameter of the ring depends upon the “spacing” of the planes,
i.e. the normal distance between consecutive planes of the set,
and the positions of the maxima on the rings are determined
by the orientation of the planes. The diameters of the rings
and the positions of the maxima on them therefore guide us
in deciding which sets of planes are responsible for the forma-
tion of the various rings in a pattern.

It may be well here to explain the notation used in de-
scribing the orientation of the various sets of planes of a crystal,
and it will be sufficient for our purpose to take the case of
a simple cubic lattice as an example. Taking rectangular axes
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of reference Oz, Oy, Oz, coinciding with three edges of a cubic
cell, and the edge of the cell as the unit of length, then the
set of planes denoted by (111) is that set which is parallel to
the plane intersecting each of the axes at unit distance from
the origin. This particular plane is the nearest of the set to
the origin without passing through it. Similarly, the set of
planes (211) is parallel to the plane which intersects Ox at 1/2,
and Oy and Oz each at 1. The set (100) is parallel to the plane
which intersects Oz at 1 and does not intersect the other axes
at all, i.e. this set is parallel to Oy and Oz. The three numbers
in brackets are called the “indices” of the set of planes, and
the spacing of the set is equal to the length of the edge of
the cubic cell divided by the square root of the sum of the
squares of the indices. Thus, the spacing of the (111) planes
is @/V'3, if a is the edge of the cube, and the spacing of the
(211) planes is a/Vé.

In the case of gold, the lattice is not of the simple cubic
type, the cubic cell having an atom at the centre of each face
as well as at cach corner. The lattice is, therefore, described
as ‘“face-centred cubic.” In this case, the indices of any set
of planes are either all even or all odd. Thus, the (111) plane
is still the nearest of its set to the origin, but of the planes
parallel to Oy and Oz the nearest to the origin is now (200),
not (100). In each case the indices denote the reciprocals of
the intercepts on the axes of the plane of the set which is at
the shortest finite distance from the origin. Thus, if we again
take a as the side of the cubic cell, the spacing of the (200)
planes of a face-centred cubic lattice is a/2, that of the (551)
planes is a/V 51. The maxima on a ring formed by reflexion
at (551) planes are on diameters inclined at 45° to those of
the (200) ring formed by the same crystal, and the diameter
of the (551) ring is greater than that of the (200) ring approxi-
mately in the ratio V/'51/2.

These relations are also applicable, as we shall see later, to
the reflexion of electron waves by the crystal planes of a gold
film through which the waves are transmitted.

Transmission of Dispersed Pencils. In addition to the method
of the simultaneous spark therc is also another method by
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which the diffraction rings formed by the cathode rays of
maximum speed can be separated from the others. If the
incident pencil is deflected by a magnet so as to fall with suffi-
cient obliquity upon the aperture c, some of the rays strike
against one side of this aperture and are deflected by it (in
the opposite way to the deflexion produced by the magnet),
and the slower rays are deflected more than those moving
more rapidly. Presumably this deflexion is produced by the
reflecting planes of the metal screen containing the aperture c,
as in the original experiments of Davisson.

On the plate, therefore, we find the usual round spot now
drawn out into a band, as shown in Fig. 91, a photograph

Fic. 91 Fic. 92
DisPErRSED PENcCIL PaTTERN FORMED BY
DisPERSED PENCIL

taken without a film. The maxima and minima on the band
represent the oscillations of the coil, and the interval between
them can be varied by changing the capacity connected across
the interrupter. They imprint a kind of time-scale on the
photograph, and show that the maximum cathode-ray current
occurs very early in the discharge, and that the current after-
wards falls off much in the same way as does the total current
through the tube.

If such a dispersed pencil is transmitted through a thin
film each of the maxima on the band produces its own pattern,
so that the rings for different electron velocities are separated
from each other laterally. Usually the deflected rings are not
complete, or are much stronger on the side towards which they
are deflected, so that the first ring formed—i.e. the ring corre-
sponding to the rays of greatest velocity—is left fairly clear
and is suitable for measurement. A photograph taken in this
way is shown reproduced in Fig. 92, and Fig. 85 is another
example.
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In some of the illustrations similar to Fig. 86, the radial
streamers show clearly the maxima and minima representing
the oscillations of the coil, giving the appearance of a large
number of concentric rings. In these cases also the rings formed
by cathode rays of different speeds are well separated (radially)
from each other.

The Velocity of the Electrons, and the Wavelengths. 1t is
generally admitted that the wavelength of electron waves
within a film, which determines the dimensions of the diffrac-
tion pattern, differs from their wavelength before they enter
the film, but as the relation between these wavelengths is still
uncertain we shall regard them as quantities to be determined
independently from the experimental observations.

If V is the potential difference of the electrodes of the dis-
charge tube the approximate expressions for v, the electron
velocity due to the potential V, A the de Broglic wavelength
wn vacuo, and A’ the wavelength corresponding to a first order
diffraction ring of diameter D produced by reflexion at planes
of spacing d, are

4 3

v:N/M —elf,>. L (93)

4 m,c?

1 eV
- — . . . . (94
\/2em0V< 4 m002> (94)
Dd

’ 5
and A’ = 5 . . . . . . . (95)

! being the distance from film to plate.
The first is derived from the energy equation
Ve = (m — mg)c?

on substituting m = me/V'1 - v¥/c?, expanding, solving for v

and using the approximate value V/2¢V/m, for v in the small
term. The second js obtained from the de Broglie equation
A = h/mv, and the third from the Bragg equation nAd = 2d sin 0,
with » = 1, and 26, the angle between a scattered pencil and
the primary rays, which is small for the innermost rings in
all the present experiments, equal to D/2l.
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With the numerical values

e=1591.10% c.m.u., e/m, == 1769 . 107 e.m.u./gm.,
h = 6-56 . 1027 erg sec., [ — 18-6 cm.,

and V being the potential in volts, the three expressions
become
v == 5947 . 107V V(1 - 1-474 . 10-8V),

1
A= 1227 10‘7'\’/1—/ (1-4-914.10°7V),

Dd

and A = .
o 37-2
If the wavelengths 2 and A’ are equal equations (94) and (95)

give the expression

P (1 eV ) y
DV 2em,V T dmge? . . (96)

for the spacing of the reflecting planes. For different potentials
and for rings of the same indices, therefore, the quantity

- eV
DV V(l + - )
4mc?
is in this case constant. We will denote the factor in brackets
in this expression by r, i.e. r = (1 4 4914 . 10-7V). The test
of the equality of 2 and 2’ is the constancy of rD vV (at a
value equal to that of 104. 2hl/dV 2emy) in experiments at
different potentials.

In taking the photographs required for comparing 4 and
A’ the method of the simultaneous spark alone was used, this
being the most satisfactory way of using a spark gap for deter-
mining the potential V corresponding to a given diffraction
ring. In each case the diameter used for the comparison was
that of the innermost ring (/;). In the case of gold /1), is the
diameter of the smallest ring which shows the four maxima,
i.e. the ring formed by the (200) and (020) planes. It is the
mean of the internal and external diameters measured near
the horns of the maxima, where the radial width of the ring
is small,
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EXPERIMENTAL RESULTS

Gold. The results of measurements by this method for a
gold film are exhibited graphically in Fig. 93 (Curve 4), the
horizontal axis representing the peak voltage applied to the
electrodes of the discharge tube as indicated by the spark length,
the vertical axis the values of 1),V V which, as we have seen.
should be constant if the wavelengths 4 and 1’ are equal.
The points marked o in Curve A represent the mean results

240 A
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Fic. 93. VARIATION oF r[)l\/v WITH VOLTAGE
4 — Gold, B -= (Celluloid.

obtained from two sets of experiments, made with transmission
through different parts of the same film, the two series of results
not differing from each other at any voltage by more than
2:5 per cent in the value of 7D, V' V.

From X-ray measurements it is known that the spacing d
of the (200) planes in gold (i.e. one-half the side of the cubic
cell) is 2:032 A.U., so that the value of 2hl.10-%/dV 2em, is
224-5. If the wavelengths 2 and 1’ are equal, Curve 4 in Fig. 93
should coincide with the horizontal straight line at this height
above the horizontal axis.

So far from this being the case, Curve A shows a regular
increase in the value of 7D, V'V from 162 at 12,600 volts to
a maximum of 243 at about 53,000 volts from which it falls
slightly at higher potentials. According to these experimental
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results r1)y/V has the value 224-5 only at a voltage of about
31,000.

The results of the same experiments are shown in another
way in Fig. 94, in which the two upper curves indicate the
values of the wavelengths 1 (calculated from the voltage by
equation 94), and 2’ (from the diameter of the first ring by
equation 95). It will be seen that the wavelength 1 diminishes
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Fr¢. 94, WAVELENGTHS CALCULATED FROM THE VOLTAGE AND FROM
THE (GoLD DIFFRACTION PATTERNS, AND THEIR RATIO

from 0-1085 A.U. at 12,600 volts to 0.049 A.U. at 60,000 volts,
while 1’ shows a much smaller variation over the same range
of voltage, viz. from 0-0785 A.U. to 0-05 A.U. The lower curve
in Fig. 94 represents the ratio of the two wavelengths, /4,
which diminishes from 1-38 at 12,600 volts to unity at 31,000,
and further to a minimum of 0-92 at about 53,000, increasing
slightly at higher voltages. Some values of the electron velocity
v, calculated by equation (93), are indicated above the diagram
of Fig. 94.

The large excess of 1 over A’ at the lower potentials shown
in Fig. 94, corresponding to the deficiency of 7D,V V below
the value 224-5 in Fig. 93, suggests first an inquiry into the
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degree of accuracy attained in the present experiments. With
regard to the ring diameters, these could usually be measured
to 0-1 mm., and there is no possibility of serious error in their
measurement. As to the potential V the matter is not so
simple. It has already been stated that in the present experi-
ments sparks were passing, the gap having been previously
adjusted to the required setting, while the photographs were
being taken ; but the question arises whether the potential does
not frequently shoot up to a value much greater than the
normal sparking value before the spark appears.

This effect occurs frequently in the discharge through gascs
at low pressure (see, for example, Figs. 76, 77, pp. 136, 137),
and if we attempt to determine the maximum potential in such
discharge by opening out a parallel gap until the spark just
fails to appear, we shall probably find a value much greater than
the potential at which the discharge through the tube normally
passes. The maximum potential at the gap electrodes may,
in fact, be much the same as if the tube were disconnected
from them.

But this effect, known as “delayed discharge,” is of very
rare occurrence in the spark discharge between spherical elec-
trodes in air at atmospheric pressure, and it may be safely
assumed that when the spark passes simultaneously with the
tube discharge the potential does not rise above the normal
value corresponding to the gap setting. The potential may tail
to rise to the sparking value (owing to variations in the degree
of vacuum or to irregularity in the working of the interrupter),
but in this event the diffraction rings are too large. In one
experiment with a gold film, for example, the exposure was
seventy-three flashes, at three of which the spark failed to
appear. The photograph showed, in addition to the usual set
of strong rings, a much weaker set of rather larger diameter
doubtless produced by the three sparkless discharges.

The matter was also tested by the following experiment.

It will be seen in the curve for A’ in Fig. 94 that the values
of this wavelength, and, therefore, also the ring diameters, at
the two lowest potentials applied in the experiments, are nearly
equal, while the values of these potentials differ greatly, viz.
12,600 and 20,000 volts. These voltages correspond to the

>
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spark gap settings in the two experiments, viz. 3-5 and 6 mm.
respectively. The experiment consisted in comparing the peak
potentials with these sparks passing, the discharge-tube still
connected to the spark gap electrodes, by the valve and electro-
meter method.* The result was in close agreement with the
ratio of the potentials indicated in Fig. 94, and since the ring
diameters at these two potentials differ by only about 2 per
cent, it must be concluded that within this range the diameter
is not even approximately in the inverse ratio of the square
root of the voltage applied to the tube when the photograph
is taken.

It is remarkable that the change from 12,600 to 20,000 volts
should have so little effect on the dimensions of the diffraction
pattern. It is no greater than the difference of the ring diame-
ters for different parts of the film and the same spark length,
and, in fact, the variation of 2’ with voltage over the whole
range of the present experiments is comparatively small, being
not more than one-half the variation of the other wavelength 1.

As to the absolute values of the potential applied to the tube,
these were obtained from a curve of sparking potentials, viz.
the early part of the curve of Fig. 5, page 23. A spark gap
is not regarded as an instrument of high precision for the
measurement of potentials, but it is probably the most suitable
for determining peak potentials in single discharges. In the
writer’s experience, a spark gap having spherical electrodes of
zine, occasionally cleaned by rubbing with fine emery cloth,
is very suitable for determining variations of peak potential
on a given occasion (see, for example, the curves of Figs. 14
to 19, pages 47-53), but its indications vary by about 2 or
3 per cent from day to day, probably owing to variations in
atmospheric conditions. Such occasional variations are, how-
ever, much too small to account for the large deviations of

* The form of clectrometer used in this experiment consisted of two parallcl
vertical plates, one connected to the earthed side of the gap, the other, through
a diode valve, to the negative electrode. A vertical wire connected with one
of the plates was suspended about midway botween them. Tho deflection
of the wire measured by a microscope is, if small, proportional to the square
of the potential difference of the plates, which, owing to the action of the
valve, is the peak potential of the gap and discharge tube.

1+ M. Ponte (Ann. de Physique, 13, p. 395, 1930), by reflexion of electrons
from zinc oxide crystals, has found very close agreomont between A and 4’
over the range 7,000 to 20,000 volts.
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rD,V' V from constancy observed in the present experiments.

An error of 38 per cent in 7D,V V, for example, would mean
an error of 90 per cent in V.

Another point that should be considered in connection with
the question of the accuracy of the measurements is whether
the potential difference of the gap electrodes is, during the
rise to the sparking value, the same as that of the terminals
of the discharge tube. If this rise of potential took place with
very great rapidity, there might be, owing to high frequency
effects, an appreciable fall of potential in the wires connecting
the gap to the tube, but it must be remembered that the rise
of V, is comparatively slow, viz. that determined by the oscilla-
tion frequencies of the coil system. In these circumstances,
there does not appear to be any reason for a considerable
difference, up to the moment at which the spark appears,
between the voltage of the gap and that of the discharge tube.

The conclusion to be drawn from the present experiments
on gold films is, therefore, that while the two wavelengths 4
and A’ are of the same order of magnitude, there is a regular
variation in their ratio over the range of voltage 12,000 to
60,000, that is, over the range of electron velocity from
0-65 . 10% cm./sec. to about 135 . 101 cm./sec. Electrons arriv-
ing at the film with a velocity less than 10'° cm./sec. have
their wavelength diminished in the film. This diminution
might be accounted for on the very natural hypothesis that
the electrons enter the regions of high positive potential within
the atoms at which scattering takes place, and so have their
momenta considerably increased. On this view the directions
of the interference maxima in the scattered beam are deter-
mined by the wavelength when in this diminished state, i.e.
the wavelength 1'.

On the other hand, the present results indicate that electrons
having velocities between 10'© and 1-35. 10'° cm./sec. have
their wavelength increased in the film, as if the scattering took
place in regions of negative potential. There appears to be no
good reason for supposing that these more rapidly moving rays
are scattered by electrons while those travelling more slowly
are scattered by atomic nuclei, and the result, therefore, sug-
gests that the electron wavelength is not determined entirely
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by the momentum as indicated by equation (90). Tt is difficult
to say what other factors may influence it, but an extension
of the experiments, especially to higher voltages, may throw
some light upon the question.

It is clear that the variation of the ratio A/A" with voltage
observed in the present experiments cannot be accounted for
by the assumption that the electrons on entering the film simply
come into a region of constant potential.

Celluloid. In measuring the rings obtained with celluloid
films it was in some cases found that the distance between
the centres of diametrically opposite spots in a ring was not
quite definite, most of the spots lying on two rings of slightly
different diameter. This may be due to the spacing of the
reflecting planes differing slightly in adjacent parts of the film.
Taking in cach case the smaller diameter, the values of rDl\/T/
at different voltages are shown in Fig. 93 (Curve B). This curve
also shows a variation in the value of 7D,V V similar to, though
not quite so large or so regular as, that observed in gold. There
is a large increase in the early part of the curve with some
evidence of a diminution at the highest potentials.

If we assume that, as in gold, the wavelengths 1 and 1’ are
equal at 31,000 volts, we find from equation (96) for d, the
spacing of the planes in celluloid which form the first ring,
the value 4-11 A.U.

THE RATIOS OF THE DIAMETERS OF THE
DIFFRACTION RINGS

Gold. The following are the ratios D,/D,, Dy/D,, etc., of the
diameters of the successive rings in the gold patterns to that
of the first ring, with the probable correct values the first ring
being taken as (200), and the plane indices to which they
correspond. In the case of the larger rings allowance is made
for the difference between tan 20 and 2 sin 6—

D,/D, = 1-411 (mean of 15 plates, 12 giving values between
1-4 and 1-43). Probably v/8/2, (220).

The second ring has four maxima on diameters at

45° to those of the first ring. (See Fig. 90, page 159.)

12—(5729)
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D,y/D, = 1-67 (mean of 5). Probably v/11/2, (311).
The third ring has cight rather faint maxima just
outside the horns of those of the second ring.

D,/D, = 2:00 (mean of 4). Probably the second order of (200),
having its maxima on the same diameters. This
ring is also faint.

Dy/D, = 2-18 (mean of 11). Probably Vv'19/2, (331); maxima
on the same diameters as those of (220).

Dy/D, = 2-88 (mean of 4). Probably v/ 8, the second order of
(220) ; maxima on the same diameters.

D,/D, == 3:07 (mean of 2). Probably 3, the third order of (200);
maxima on the same diameters.

Dy/D, = 3-58 (mean of 2). Probably \/S'IA/Z, (551); maxima
on same diameters as (220).

Dy/D, = 4-22 (mean of 2). Probably 3V/2, the third order of
(220) ; maxima on same diameters.

In addition there is the very faint ring within the first
(referred to on page 159), the diameter being 0-85D, (approxi-
mately v/ 3D,/2), and another of three times this diameter.
These two rings do not show maxima on the same diameters
as (220), and therefore if they are due to (111) planes these
planes do not belong to the main lattice, but are in a part
of the film where the cubic cell is turned into a different position.

The ratios of diameters just given, and the positions of the
maxima on the rings, show that all the principal rings of the
gold examined are formed by the same lattice, having two
faces of its cubic cell parallel to the surface of the film.

Celluloid. The corresponding results for celluloid films are
as follows—

D,/D, = 1-712 (mean of 18 plates giving values ranging from
1-67 to 1-77). Probably V3. The six maxima of
the second ring are on diameters inclined at 30°
to those of the first ring.

D,/D, = 1-998 (mean of 10). Probably 2, the second order of
D, ; maxima on same diameters.
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D,/D, = 3-45 (mean of 5). Probably 2V/3, the second order
of D,. The fourth ring is uniform in intensity round
the circumference.

In addition to these four rings obtained with celluloid films,
there is a fifth ring which is not included in the list because
it did not appear in a complete form in any of the plates. The
writer has, however, no doubt about the existence of this fifth
ring, as diametrically opposite pairs of the spots upon it appear
in some of the photographs. It is a faint ring of twelve spots,
the mean diameter (from three plates) being 2-591 D,. Tt is,
therefore, intermediate in diameter between the third and
fourth rings of the above list.

It has already been indicated that a ring having six maxima
uniformly spaced round the circumference must be due to
reflexion from three equally inclined sets of planes. If Fig. 95
represents a section of a celluloid film by a plane parallel to
its surfaces, the reflecting planes are indicated by the three
sets of straight lines in the diagram, the planes being at right
angles to the surfaces of the film. If a scattering centre were
placed at every point of intersection of the lines, with similarly
situated centres in planes above and below the section indicated,
all the five rings of the celluloid diffraction pattern would be
accounted for. In such a uniform distribution of scattering
centres, however, the molecules lose their identity, and for this
reason the grouping indicated by the rings and spots in Fig. 95
is suggested.

In Fig. 95 the scattering centres are arranged in groups of
six, each group forming a regular hexagon, and all the hexagons
being arranged in planes parallel to the surfaces of the film.
Groups in different layers are indicated by circles drawn round
them, the full-line circles being in one plane, the broken-line
circles in a layer above, and the dotted circles in a layer below
the first. In the layer above that of the broken line circles,
the grouping would be the same as that of the dotted circles,
and in the next layer above, the same as that of the full-line
circles, and so on. The grouping is, therefore, repeated regularly
after three layers. This system of groups would give with
considerable accuracy the observed ratios of diameters of
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the diffraction rings and the positions of the maxima upon
them.
The three equally inclined sets of planes, parallel to ab, be,
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Fic. 95. SUGGESTED ARRANGEMENT OF MOLECULES IN A
CrrLLunomn Finm
The point f referred to on p. 173 i3 the first to the right of ¢,

and cd respectively are those which produce the six maxima
of the first and third rings in the diffraction pattern. The
spacing of this set of planes, in terms of a the side of a hexagon,
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is @V/3/2, and if this be equated to 4-11 A.U. (see page 169),
we find @ = 4-75 A.U.

The planes of centres parallel to ac, bd, and ce form the
second ring, with its maxima in the angles between those of
the first ring, and by their second-order reflexion the fourth
ring. 'The spacing of these planes is a/2, so that the diameter
of the second ring should be V'3 times that of the first ring,
as observed. The planes of this second set are rather less rich
in scattering centres than those of the first set, and, according
to the grouping in Fig. 95, every third plane of the second
set is vacant, with the consequence that the second ring in
the pattern is considerably weaker than the first. In the photo-
graphs the maxima of the second ring are considerably weaker
than those of the first, and this may be one reason for the
difference of intensity, but there are also other factors which
influence the relative intensity of the rings in a pattern.

The fifth ring in the celluloid pattern may be accounted
for by reflexion from the planes parallel to af (Fig. 95) and
similar sets. The spacing of these planes is 1aV/3/7, and the
diameter of this ring should, therefore, be V7 times that of
the first ring, i.e. 2:646 D,. The ring should have twelve
maxima, and it is probably represented by the incomplete ring
observed in some of the photographs having a diameter of
2:591 D,. One reason for the comparative faintness of the fifth
ring is that the planes parallel to af have per unit area little
more than one-third of the number of scattering centres in
the planes which form the first ring.

It will be noticed that, according to the scheme of Fig. 95,
all the five rings in the celluloid pattern can be accounted for
by reflexions from planes which are at right angles to the
surfaces of the film, and, therefore, veéry nearly parallel to the
incident pencil. When the reflexions take place at such planes,
there is another circumstance which tends to diminish the
relative intensity of the larger rings in experiments of this kind.
The larger rings require a greater angle of incidence upon the
reflecting planes, and in the area covered by a very narrow
incident normal pencil of cathode rays there will be compara-
tively few portions of the film in which these planes are inclined
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at a sufficiently large angle to the incident rays to produce
strong reflexion. If the incidence were perfectly normal, there
would be no reflexion from planes which are at right angles
to the film.

The fact that the principal maxima in the celluloid rings
number 6 or 12, but no more so far as these experiments show,
suggests that the regularity of molecular arrangement is mainly
confined to the portions of the film near its two surfaces. If
this is the case, and if the chief reflecting planes near one
surface are parallel to those near the other, there will be six
principal maxima ; if they are not parallel, there will be twelve
maxima, uniformly spaced round the rings or arranged as six
pairs, as shown in some of the photographs.

It has already been indicated that the arrangement of scatter-
ing centres suggested in Fig. 95 is not the only one which would
produce diffraction rings showing the same ratios of diameters,
and several others might be suggested. For example, the mole-
cules might be regarded as linear chains of scattering centres
having their lengths at right angles to the film, each chain
being at a line of intersection of the planes shown in Fig. 95;
or they might be arranged in columns of hexode groups all
standing, for example, upon the full-line circles of Fig. 95.
Such arrangements would give the observed ratios of diameters
in the diffraction pattern, but it is difficult to understand why
such chains or columns should be arranged at such regular
distances from one another that the atoms (or groups of atoms)
in them lie in definite planes throughout the substance, a con-
dition which is necessary in order to account for the occurrence
of diffraction rings with regularly spaced maxima round their
circumferences. An arrangement such as that of Fig. 95, in
which each hexode group, regarded as a unit, serves to hold
together its three neighbours in an adjacent layer, seems to
offer stronger dynamical reason for a uniformity of arrange-
ment throughout the mass.

It is remarkable that such a substance as celluloid, which
is usually regarded as amorphous, should give rise to diffraction
rings having maxima, or spots, upon their circumferences as
if the substance were crystalline, and so far as the writer is
aware, no such evidence of crystalline structure has been found
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in this substance by means of X-rays. It has been suggested
that the spots in the diffraction patterns produced by electron
waves are due to the camphor which celluloid contains, but
such ““spot” photographs have been obtained with nitro-cellu-
lose free from camphor by A. Dauvillier* and by F. Kirchner.¥
The same result has also been found by the present writer
who, through the kindness of Dr. J. Weir, of Imperial Chemical
Industries, was able to obtain some very pure specimens of
nitro-cellulose and suitable solvents for this material. It was
not found possible to prepare with this substance films quite
so thin as those of celluloid, but films were obtained sufficiently
thin to show rings with maxima upon them similar to those
obtained with celluloid films, and of practically the same
diameter for the same electron velocity. It must be concluded
that the evidence of regularity of arrangement of the scattering
centres is shown by nitro-cellulose in the form of thin films,
in the complete absence of camphor or of other known crys-
talline substances. (See Appendix.)

With regard to the best wave-form of secondary potential
in experiments of this kind, when an induction coil is used
(with simultaneous spark) for obtaining single-flash photo-
graphs, the chief requirement is that the potential should rise
quickly, and without secondary maxima, to the sparking value.
It is desirable, therefore, that the frequency ratio of the coil
should not be too great, and, therefore, also that the capacity
of the condenser associated with the interrupter should be no
greater than is necessary to ensure a good ‘break.” The
mercury dipper interrupter shown in Fig. 4, page 19, is
probably the most suitable kind for the purposes of the
experiment.
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CHAPTER VII
OTHER FORMS OF OSCILLATION TRANSFORMER

The Tesla Coil. The suggestion has been made by several
experimenters that an induction coil might be worked by charg-
ing the primary condenser and discharging it through the coil,
instead of by the interruption of a current in the primary
circuit. The experiment appears to have been first tried by
Norton and Lawrence,* who, with the aid of a rotary commu-
tator, connected the condenser alternately to the 200-volt
electric light mains and to the terminals of the primary coil.

A little consideration will show that this method of excita-
tion is not likely to be attended with any great success in the
case of an induction coil of the ordinary construction. Let
us suppose, for example, that the capacity of the condenser
is as great as 20 mfd. When charged to 200 volts its energy
is 0-4 joule. If the self-inductance of the primary coil is 0-2
henry, the magnetic energy at a current of 10 amp. is 10 joules.
Thus, in order to supply the coil with as much energy by charg-
ing the condenser, as can be easily supplied in the form of
magnetic energy of the primary current, we should require
either a very large condenser capacity, or an unusually high
supply voltage. A very large primary capacity would, however,
throw the system far out of adjustment—the capacity would
be much greater than the optimum-—unless the primary self-
inductance were extremely small or the secondary terminals
were connected with a large condenser. It is clear that, in
general, no advantage is to be gained by supplying an induction
coil with condenser charges rather than with an interrupted
primary current.

On the other hand, in the arrangement of high-frequency
coupled circuits known as the Tesla coil, the former method
of excitation is the more suitable. In this case the primary
coil consists of a few turns of wire—sometimes only a single
turn—and has no iron core; consequently, an exceedingly

* Electrical World, 6th March, 1897, p. 327.
177
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strong current would have to be supplied to the coil to represent
as much initial energy as can easily be supplied in the electro-
static form by charging a condenser. The condenser usually
takes the form of a Leyden jar, which is charged to the required
sparking potential by an induction coil. Onc terminal of the
primary of the Tesla coil is connected with a spark gap elec-
trode, the other with a plate of the Leyden jar (see Fig. 96).
The other spark electrode and the other plate are connected
together. The terminals of the induction coil are connected

:.
Fra, 96, Diacram or Circurrs oF Tesna (‘o1n

with the plates of the jar or with the spark electrodes. Some-
times two jars are employed, these being connected in cascade
in the primary circuit of the Tesla coil. In this case the two
inner plates may be connected with the induction coil terminals
and with the spark electrodes, the two outer plates with the
terminals of the Tesla coil primary. In either case the primary
circuit of the Tesla coil includes the primary coil, the spark-
gap, and the jar (or the two jars in cascade). The secondary
coil usually consists of a much larger number of turns wound
in a single layer on an insulating tube or frame. The insulation
must be carefully attended to, otherwise sparks will pass
between the primary and secondary windings or between
neighbouring turns of the secondary ; for this reason the coils
are sometimes immersed in oil.*

* Further information as to the construction of Tesla coils will be found

in Fleming’s Principles of Electric Wave Telegraphy and Telephony, 2nd Ed.,
pp. 74-80.
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We shall consider the adjustment of the Tesla coil system
for maximum secondary potential. The fundamental equations
are of the same form as (18) and (19), Chapter I, the coefficients
here referring to the primary and secondary circuits of the
Tesla coil, and V,, V, being respectively the difference of
potential of the plates of the jar and that of the terminals of
the secondary coil. The initial conditions differ, however, from
those which apply in the case of an induction coil worked by
an interrupter. In the present problem they are: V, =V,
(the sparking potential of the primary condenser), V, =0,
1, ==0, 4, = 0, when ¢ == 0. As in other instances of coupled
oscillating circuits, the wave of potential in each circuit con-
sists in general of two oscillations differing in frequency and
damping factor, the frequencies and damping factors being,
however, the same for both circuits.

If we neglect resistances, the solution for V, is—

Vo= _{{21011/_0 o
2T VWG, - LGyl + L0, Ly,
X (cos 27n,t — cos 2mn,t), . . . . (97)

where #n,, n, are the frequencies of the system.

The primary potential difference is given by—

nsn? [1-4a%n2L,C, '
V,= V“n s 2[__ i —-cos 2mn,t
1 — 472n2L,C *
_ 7.7_21 M leos 2ﬂn2t] . . . (98)
ny

The full expression for V,, in which the resistances are
included, was given by Drude in a well-known paper, but
the above expressions will serve for the present purpose.

Drude considers the problem in which the secondary coil is
given, and in which it is required to find what arrangement
of the primary circuit gives the highest secondary potential.}
After remarking (l.c., p. 539) that it is necessary to distinguish
between the two cases in which (@) the capacity C, is varied,
. * Th?gi exprossions may be deduced from the solutions given by Fleming,
.C., p. 264.

1 P. Drude, Ann. d. Physik, xii1, p. 512 (1904). )
1 The primary sparking potential V is also supposed to be given.
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and (b) the self-inductance L, is the variable quantity, he
apparently comes to the conclusion (p. 540) that in either
case the highest secondary potential is attained when L,C, is
equal (or nearly equal) to L,C,, i.e. when the periods of the
primary and secondary circuits, separated from each other,
are cqual. This is the case of so-called “resonance,” and all
the subsequent calculations and conclusions given by Drude,
including the tables and curves (/.c. pages 546-551) are based
on the assumption that this condition (L,C; = L,C,) is satisfied.
Drude finally arrives at the result that, if the damping of the
oscillations is small, the secondary potential is greatest when
the coupling coefficient is 0-6 and the primary capacity is so
adjusted as to bring the primary circuit into ‘“resonance”
with the secondary, this adjustment of the system giving the
frequency-ratio n,/n, == 2.

The reasoning by which Drude arrives at the above result
is not perfectly clear, and the result does not hold in case (a).
Denoting the ratio L,C,/L,C; by m, the expression (97) for
V, becomes—

Vo= —; V»I{—)I—I{O:._u (cos 2t — cos 2mn.t)* . (99)
LV(1-m) + 42m

If the primary capacity C, alone is varied (L, L,,, &%, V,,
and L,C, being constant), the denominator of this expression
has a minimum value when—

m=1-2k . . . . . . (100)

If also n, and n, are suitably related, the maxima of the
two waves in the secondary coil will occur simultanecously, so
that at time 1/2n,, cos 2mnyt = — 1, cos 2mny,t = 1. This hap-
pens, for example, when A% = 0-265,1 m = 1 - 2k? = 0-47,
which adjustment makes the frequency-ratio n,/n; equal
to 2.

It follows from (99) that if 4% = 0-265 the most effective
primary capacity is that which makes m = 0-47, ie. L,C,
= 2-128 L,C,. At this degree of coupling, therefore, the opti-
mum primary capacity should be more than twice as great

* Phil. Mayg., 30, p. 236 (1915). + More exactly, k? = 9/34.
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as the value necessary for “resonance.” The maximum value
of V, in this case is numerically, by (99)—

L21V *
m = 2-267 ———
V2m L

1

The adjustment recommended by Drude (k* = 0-36, L,C,
= L,C,) gives for the maximum secondary potential —

1

V2m =1 ()()7

(ven at this degree of coupling, however, a higher sccondary
potential may be obtained with a larger primary (,(Lpacity
For example, the adjustment &2 == 0-36, L,C, = 2L,C,, gives
the frequency-ratio ny/n; = 2:197, and a maximum secondary
potential, at time ¢ = 0-925/2n,, the value of which is

Lgll

1

Vo = 1-998 22

From these examples it will be seen that Drude’s rule does
not in general give even approximately the correct value of
the optimum primary capacity. The most effective capacity
is generally greater than the “resonance” value.

The matter has been examined experimentally by W. Morris
Jones, who determined the optimum primary capacity for a
"Tesla coil for various degrees of coupling ranging from A% =0-115
tok? == 0-374. The measurements were made both with the
primary coil over the middle of the secondary (secondary
terminals insulated), and with the primary at the lower end
of the secondary (lower secondary terminal earthed). The
secondary potential was indicated by the distance, measurced
from a long wire connected with the upper terminal of the
secondary coil, at which a neon tube just failed to glow. The
coupling was varied by removing turns from the secondary
coil, measurements being made (by wave-meter methods), at
each stage of the coupling, and of the ratios L,C,/L,C, and
nyfn,, when the primary capacity was the optimum. The

* The adjustment k2 -= 0-265, m == - 1, gives approximately V,, —= 1'88

Ly, V, /Ly
Tthl Mag., p. 62, Jan., 1916.
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results of these experiments showed that in all the cases
examined the ratio L,C,/L,C, was considerably less than unity,
i.e. that the optimum capacity was considerably greater than
the ‘““resonance” value. The ratio of the optimum to the
resonance value was found to incrcase with the coupling, in
one case being as great as 4. The frequency-ratio (for optimum
adjustments) also increased with the coupling and passed
through 2 at a value of the coupling ¥? not far from 0-265.

The experiments thus agree with the above theory in showing
that the highest secondary potential is (except at very loose
coupling) obtained with a primary capacity considerably
greater than that required to make the periods of the two
circuits equal when separated.

The conditions arc very different if the primary capacity is
kept constant and L, is varied, ¢.g. by means of variable series
inductance in the primary circuit. In this case L,, is constant,
k* is inversely proportional to L,, and the coefficient of
(cos 2mn,t — cos 2mn,t) in (99) has a maximum value of

V Ly C,
—2 /2 2 when m = 1. If, in addition, n, == 2n,(k* = 0-36)

Ly C,
the numerical maximum of V, is given by—
Ly ©,
Vomw = Voul 2 . 2,
211 0 le 02
consequently,
L
é'(/Zanz . 1 - 1(-/’1 VO )
L21

i.e. the maximum clectrostatic energy in the secondary coil
is equal to the initial energy in the primary condenser.

[n Drude’s adjustment, therefore, the efficiency is unity if
the resistances are negligible. This result may also be seen
from the expression (98) for the primary potential, which

reduces, if cos 27n t = — 1, cos 2mn,t = 1, to
Vv, - l
- 0\/( + " dktm

and, therefore, vanishes when m = 1. At the moment when
the secondary potential reaches its maximum value, therefore,
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. ) . av
the primary condenser is uncharged, and, since »;i—‘ =0,
dV, . o y
F7i 0, there is no current in either circuit, so that the

whole of the energy exists as electrostatic energy in the second-
ary coil.

In this kind of variation, in which L, alone is varied, the
initial energy supplied to the system is constant, and the
adjustment which gives maximum efficiency must also give the
greatest secondary potential. But when the primary capacity
is increased the energy supplied to the system becomes greater,
and the secondary potential may be increased to a certain ex-
tent beyond the point corresponding to maximum efficiency.

Both forms of the problem may present themselves in prac-
tice. If, for example, the Tesla coil is given, and ample energy
is available for charging the condenser, the capacity of the
condenser may always be adjusted to the “optimum” value,
whatever be the value of k2. But if, on the other hand, the
energy is limited and it is required to construct a Tesla coil
which will make the fullest use of it in generating high secondary
potential, the primary capacity is then constant, viz. the
greatest that can be charged to the required sparking potential
with the energy available at each discharge of the induction
coil. In this case maximum efficiency and small secondary
capacity should be the chief considerations borne in mind in
the construction of the Tesla coil.

The Auto-Transformer. A very convenient arrangement for
producing high-tension high-frequency electrical oscillations is
that known as an auto-transformer, which consists of a single
coil, a few of the turns of which act as primary and the rest
of the coil as secondary. In one form* the coil consists of
150 to 200 turns of bare copper wire of about 1-5 mm. diameter,
wound on an cbonite frame 3 to 4 ft. high and 9 to 12in. in
diameter. A few turns at the lower end of the coil are con-
nected to the spark gap and condenser, as shown in Fig. 97,
the position of the contact J being adjustable.

The theory of the auto-transformer differs slightly from that
of the Tesla coil because the primary coil is connected to the

* Also known as an ‘‘Oudin resonator.”
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secondary, so that the coupling in this arrangement is both
electrical and magnetic. If the difference of potential between
the ends of the whole coil be denoted by V,, that of the plates
of the condenser by V,, the current flowing into the secondary

Fre. 97. DiacrAM oF CIRCUITS OF AUTO-TRANSFORMER

at J by ¢,, the condenser current by ¢;, and with the usual
notation for the other quantities as indicated in Fig. 97, the
equations for the primary and secondary circuits (neglecting
resistances) are—

di, di,
-1 PP = . . . . . (101
L‘dt+]1'clt+Vl 0 (1o1)
di de
Lzztg‘}"lizl‘a?l“f"]/z'lﬁzﬂ . . . - (102)
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with the conditions

. av,
== (U, —-~ (1
1y = O, di (103)
. av
iy = C, El . (104)
'51 = 7:2 + ’53
. av, dv, .
== C] d? -}-‘ 02 W . . (100)
The currents being eliminated, equation (101) becomes—
azv 3%
L,C, E{l + Iy + Ly,) C, 322‘2 +Vi=0 . - (106)
and this added to (102) gives—
a*V azV
(Iy -1~ Lsy) € d’ﬁl -+ sLyC, [ﬂ; + Vo=0 . . (107)
where s is a fraction, slightly greater than unity, defined by—
sLy= L, + Ly, + Ly + L, . . . . (108)

The assumed solutions V, = Ae?, V, = Be!, substituted in
(106) and (107), lead, after elimination of the ratio B/A4, to the
equation for p(= 2mn)

P L C L,Cy(1 - k%) — p¥(L,C, + sLyCy) 41 =0 . (109)
in which %2 is the magnetic coupling L,,L,,/L,L,. The two

frequencies, n,, n,, of the system are, therefore, given by the
equation—

1 8
A1 = I2) = —
BatnA(1 =18 = o o
= N/(T + 22 -)2 0 - ) 110
N\, T L) Tnone, - MO

In the extreme case, ', = o (primary closed), one of the
frequencies is zero and the other is 1/27V/ L,Cy(1 — £?). In the
other extreme case, C; = 0, one frequency is infinite and the
other is 1/27V/sL,C,, that is, it is the frequency of the primary
and secondary oscillating together as one coil. The ratio of
the squares of the frequencies in these two cases is (1 — £?)/s,

13—(5729)
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a result which suggests an experimental method for deter-
mining the coupling. In general, if we write % for the ratio
L,C,/L,C,, the frequency ratio is given by—

22_2 st u+ \/(s_r—}— u)? - 4(1 - k?)u
nE s u—- V(s 4 up - 4(1-ku

. (111)

For any given value of k? the frequency ratio is smallest
when v = s, i.e. when L,C, = sL,C,.
In order to find the amplitudes multiply (107) by any factor
A and add its terms to those of (106). We then have the
equation—
axv,
{Ll + ;‘(Ll + L2l)} C’l dtz
2V2

2+ Vi F AV, =o.

+ §L1 + Lyg + AsL, ;

If 1 is so chosen that—
(Ly + Ly + 2Ly)Cy = ALy + MLy + Ly)} €, . (112)
then

§L1+1<L1+L21)§ ldtz(Vl—}-}‘V)

+(Vy+AVy)=0. . . .. (113)

The two values of 4, viz. 1, and 1,, may be calculated by
(112) in terms of the coefficients of equations (106) and (107).
They may also be expressed in terms of the frequencies =,
and n,, for, by (113)—

1
iren 2 = §L1 + ALy +- Lzl)} C,
1
1
4772'”/ 2 {Ll + }'2(L + LZI);

Thus,

1 1
A= ( >~ LICI)
(Ly + Ly)Cy \ 47?0y L (114)

1 1
b= T Iac <4n=n22 -1.0)
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The solution of equation (113) is represented by the two
normal vibrations—

Vl + ZIVZ — 44.1 Sin (2777&115 '{‘ 61) . ; 115

Vi+ 4,V, = 4, sin (2anyt + d,) . - (115)

The solutions for V, and V, are, therefore—

A, 4,

V,= ;1—7 sin (270t - ;) — iy sin (2mnyt - d,) (116)
Ady . Ayl

V, = % i ;1 sin (2an,t 4 6;) - 7 _7[1 sin (2mngt 4 8,) (117)

The coefficients 4,, 4,, and the phase angles §,, d,, are to
be determined from the initial conditions. These express that
at the moment (¢ = 0) at which the spark appears—

V, = V,, the sparking potential,
V2 = 0,
1, =10, 1,=0,

and, therefore,

éyl = % =0
a a7
On substituting these values in (116) and (117), we find—
Al - A2 == Vo,
w
61 = 0§, = E’

and the solutions for V, and V, are, therefore—

vV
Vy = - . (cos 2mn,t — cos an2t>
1
Vo
V,=- Ay €OS 27t — Ay cOS 2mrngt
A=Ay

Inserting the values of 4;, 1, from (114), the expressions
become—

4n*(Ly + 1121)01_1_/_0”12"22
Ng? — ny?

V,= (cos 27,4t — cos 27-m2t>
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n2n2 [1 - 4mn2L,C
V,=7V,. 21 22[ 7 27171 cos 2mn,t
Ng? — M, ny?
1 - 4m*n2L,C,
- cos 2mngt |.
ny?

In terms of the inductances and capacities of the system,
the expression for the secondary potential V, is, by (110)—

Volly + Ly)Cy
VLG, + sLyCy)? = 4(1 = BR)L,O, LyCy}
(cos 2mn,t — cos 2mn,t)
(Ly + sz) Vo
Ll\/i (1 - sm)? — 4(1 - k*)m}
(cos 2mn,t — cos 2mn,t) . . (118)
if m be written for the ratio L,C,/L,C,.

As in the Tesla coil, the two oscillations of secondary poten-
tial in an auto-transformer have equal amplitudes and they
begin in opposite phases. The expression (99) of the previous
section may, in fact, be deduced from (118) by setting s equal
to unity. The variation of V, with the adjustment of the
system follows the same course in the auto-transformer as in
the Tesla coil, with small differences in the numerical values
depending upon the fraction s. For example, the amplitude
of the ¥V, oscillations is a maximum (all the inductances being
given) when—

Ve =

2(1 -k —s

§2

H

and this condition is satisfied, with n,/n, equal to 2, at the
coupling—
25
2=1-s—.
*34
In general, for a given position of the contact J (Fig. 97),
the most effective primary capacity is considerably greater
than the value required to make L,C, = L,C,.
If the resistance terms had been retained in the equations for
the circuits of a Tesla coil or an auto-transformer, the expres-
sions for the oscillations in each circuit would have contained
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factors e and e representing the decay of the amplitudes.
The expressions for the damping factors k, and k, are identical
with those given in equations (46), (47), and (48) on page 85,
with the exception that in the case of the auto-transformer
L, in equation (48) must be replaced by sL,.

The High Tension Magneto. The high tension magneto was
a few years ago much used for ignition in motor-car and aero-
plane engines, but it has now been largely superseded in cars
by the coil and battery system, which is found to be more
convenient for use in connection with multi-cylinder engines.

F -l\-——>G<——ﬂ
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Fia. 98. Circuits oF MAGNETO

The arrangement of the circuits of a magneto is shown diagram-
matically in Fig. 98, in which P is the primary coil, S the
secondary, both being wound on a laminated iron core. I is
the contact breaker, C, the primary condenser, and G the spark-
ing plug. The points F' are connected to the frame of the
machine.

In one type of magneto, the core upon which the coils
are wound, and to which also the condenser C; and the
contact breaker are attached, forms an armature which is
rotated between the poles of a permanent magnet so that
alternations of magnetic flux are produced in the core which
serve to generate the primary current during the periods when
there is contact at I. The photograph reproduced in Fig. 99,
taken with the current oscillograph connected in the primary
circuit, shows the manner in which the primary current varies
between a ‘“make’ and the following “break.” After a very
gradual beginning, the current rises rapidly to its maximum
value, from which it falls slowly to the value at which “break”’
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occurs. In this experiment the armature was rotating at about
1,800 revolutions per minute, the maximum current indicated
being about 3 amp., and the contact breaker being arranged
to make one interruption per revolution. In actual use, the

Fia. 99. OsciLLoGRAM OF PRIMARY CURRENT OF MAGNETO

contact breaker is arranged so as to interrupt the current at
an earlier stage, viz. near the point at which the current has
its maximum value. Fig. 100 shows in section the position of
the armature very shortly before the moment at which ““break
occurs. Owing to the form of the armature core and the varia-
tion during the rotation of its position with reference to the
pole pieces, the inductances of the primary and secondary coils

% ™

F1a. 100. ARMATURE 1IN POSITION OF MAXIMUM INDUCTANCES

are different in different positions of the armature. The in-
ductances have their greatest values when the armature is in
the position shown in Fig. 100.

It will be seen from Fig. 98 that the primary and secondary
circuits of a magneto are connected at the point J, and it fol-
lows that, the currents being represented as shown in Fig. 98,
the equations of the circuits are the same as those of the
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auto-transformer (see Fig. 97), with the addition of terms repre-
senting the electromotive forces induced in the primary and
secondary coils owing to their rotation in the field of the per-
manent magnet. The E.M.F. due to the rotation is, however,
usually small in comparison with the potential produced in
the secondary coil at the interruption of the primary current.

When resistances are neglected, the circuits of a magneto
oscillate with two frequencies given by equation (110). The
theory of the secondary potential produced at ““break” is very
similar to that described in Chapter II for the case of the in-
duction coil, and it can be shown that, corresponding to equa-
tion (42), page 37, the maximum secondary potential of a
magneto is given by the expression—

(Ly + Lyy) 1y

Vom = "71:02‘ U sin ¢, . . . . (119)

U 1

Vu 4 s - 24/ (1—k2)uw

and the angle ¢ is given by equation (41), page 36. For a
certain series of values of the coupling k% the angle ¢, deter-
mining the phase at which the maximum potential occurs, is
7/2, and in these cases the maximum is given by—

—— A'/gl A/L”“Lz-‘
T NN L+ Ly
which expression (with the potential due to the rotation added
to it) represents the maximum theoretical potential attainable
in any magneto. It follows also from (119) that in a magneto,
as in an induction coil, the relation between the maximum
secondary potential and the capacity of the primary condenser
(or between U sin ¢ and ) is represented by a curve consisting
of a serics of arches similar to those described in Chapter 11,
the precise form of the curve depending upon the coupling
of the primary and secondary circuits.

In a magneto, however, the damping of the oscillations,
especially that of the more rapid component, is very great,
owing chiefly to eddy current losses in the iron core and leakage
from the secondary winding, and it is doubtful whether, without

where
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some modification of the circuits, the more rapid component
ever exists as an oscillation, or whether it is not, owing to the
excessive damping, replaced by aperiodic components.

It appears, however, that a very slight modification of the
circuits is sufficient to bring the two oscillations well into
cvidence, as shown by the arches of the capacity-potential
curves, or in other ways. Fig. 101, for example, shows a curve

65
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Fra. 101, VARIATION OF SECONDARY VOLTAGE wWiTH PRIMARY

CAPACITY IN MAGNETO

indicating the variation of maximum secondary potential (ob-
served by means of a spark gap) with primary capacity, the
only modification of the circuits in this experiment being that
a coil of very small self-inductance (about 0-0002 henry) was
connected in series with the primary coil of the magneto. The
curve has well-marked arches, proving the existence of both
oscillations, and the relative proportions of the two principal
arches indicate a coupling of about 0-78.

In Fig. 102 is shown a wave-form of secondary potential
of a magneto. The photograph was obtained with the electro-
static oscillograph, modified by reduction of the length of the
strip to 3 mm. The curve shows both oscillations, the frequency
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of the more rapid component being about 10,000 per sec., and
about seven times that of the slower component. In this ex-
periment, however, there was a very small series inductance
(about 0-00002 henry) in the primary circuit, and a condenser
in the secondary. Without such additions to the circuits, the
magneto wave-form shows only aperiodic variations.

Fig. 103 is a reproduced photograph of a magneto spark,
taken with a rotating mirror, and showing very clearly the
oscillation of the system as modified by the secondary dis-
charge. The discharge is of the ““pulsating arc” kind (see also

.z““j

Fi1a. 102. DoUBLE OSCILLATION Fi1c. 103. MagNETO SPARK
OF MAGNETO CIRCUITS

Fig. 61), the interval between two consecutive bands in the
discharge being equal to 27VL,C,(1-4?%). In the example
illustrated in Fig. 103, a 1-mfd. condenser was connected in
parallel with the magneto condenser, the total primary capa-
city being 1-208 mfd., and the frequency of the pulsations
is 6,645, When the 1-mfd. condenser was removed, the fre-
quency of the pulsations was found from the photograph to
be 16,010. The ratio of the frequencies is thus 2-409, which
is also the square root of the inverse ratio of the capacities,
i.e. V/1:208/0-208.

In some respects, therefore, and with slight modifications
in its circuits, the magneto behaves closely in accordance with
the general theory of oscillation transformers. Regarded as a
machine for producing electrostatic energy in the secondary
circuit, the magneto is, however, probably the least efficient
of all types of oscillation transformer. Probably not more than
about 36 per cent of the magnetic energy 31,2, in the primary
circuit at break is converted into secondary electrostatic
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energy, and, according to the measurements made by Mr.
Elwyn Jones,* only about 50 per cent of the work done in
rotating the armature appears as primary magnetic energy.
The total efficiency of the machine is about 18 per cent. The
unavoidably low efficiency of conversion is one of the principal
defects of the magneto, the rather strong primary currents
required in the working of the machine being apt to cause
deterioration of the interrupter contact surfaces. In spite of
this, and owing to the skill and care displayed by the manu-
facturers in its construction, the magneto has proved itself to
be a remarkably serviceable instrument.

* Phil. Mag., p. 386, September (1923).



CHAPTER VIII

SPARK IGNITIONX*

O~NE of the most important practical purposes for which the
induction coil is used at the present time is that of the pro-
duction of the spark required for ignition in internal combustion
engines, and it is partly in this connection that attention has
been drawn to the study of spark ignition, the main object
of the inquiry being to discover what property of an electric
spark determines whether it is or is not capable of causing
general inflammation of an explosive mixture of gases, and
what kind of discharge is the most effective in causing ignition.
Thermal Theory. With regard to the first of these questions,
the oldest and, perhaps, the most natural hypothesis is that
the igniting power of a spark depends simply upon the quantity
of heat produced in it. This heat, the equivalent of the elec-
trical encrgy dissipated in the spark, is, if the spark electrodes
are thin rods or wires, mainly spent in raising the temperature
of the surrounding gas, and it seems reasonable to suppose
that if the gas, or a sufficient volume of it, is raised to the
“ignition temperature,” general inflammation will follow.
Ignition by Capacity and by Inductance Sparks. Experimental
measurements of the heat developed in sparks just capable
of producing ignition lead, however, to results which at first
sight appear to be inconsistent with this view of the matter.
It was observed by W. M. Thornton,} for example, that a
spark produced between point electrodes by the discharge of
a condenser will ignite a given mixture when another, of the
same total heat but produced by separating the electrodes
from contact so as to interrupt a current in an inductive cir-
cuit, will fail to do so. Experiments of this nature show that
the total heat of a spark is not, in general, the property which
determines the igniting power, and some observers have,

* The greater part of tho substance of this chapter was contained in a
locture to Soction A of the British Association at Glasgow on 10th September,
1928. See also Phil. Mag., 6, p. 1090 (1928).

t Phil. Mag., (November, 1914).
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consequently, been led to assume that the igniting power is
determined not by any of the thermal effects but by other
physical properties of the spark. One view which has received
considerable support is that ignition depends upon the amount
of ionization in the gas, and, therefore, upon the current flowing
in the spark.

Influence of Duration of Discharge. Another discovery, how-
ever, made by J. D. Morgan,* led to a re-examination of the
‘“thermal” theory from a new point of view. In experimenting
upon ignition by high-tension sparks (i.e. the sparks from a
magneto or an induction coil), Morgan found strong reasons
for believing that the ignition in some cases was caused entirely
by the initial part of the discharge. We have seen in Chapter V
that the discharge produced by such high-tension apparatus
consists of two parts, the initial portion representing the dis-
charge of the static electricity accumulated on the secondary
coil and conductors connected with it, and the subsequent
portion forming an arc discharge in the conducting path pre-
pared by the carlier portion. These two parts of the discharge
are of very different duration, the first occupying a very short
time, the arc much more prolonged, and the question presented
itself whether a source of heat which is active for an extremely
short interval of time is likely to be more effective in ignition
than one of the same total heat but of greater duration in time.

Minimum Initial Volume of Flame. Some calculations,} based
on the assumption that ignition depends upon the volume of
the gas which the source can by its own heat raise to the
ignition temperature,{ showed that there is good reason for
believing that this is the case. The reason for this assumption
is as follows: If we suppose that a small spherical volume of
the gas is heated by the source to the ignition temperature,
the gas within this volume is burnt and its temperature is
raised further by the heat resulting from the chemical action.
At the surface of the sphere there will, therefore, be a large
temperature gradient and rapid loss of heat by conduction.

* Principles of Electric Spark Ignition, p. 28. Sece also Paterson and
Campbell, Proc. Phys. Soc., p. 177, 1919.

t Phil. Mag., 43, p. 359 (1922).

1 See Wheoler, T'rans. Chem. Soc., 117, p. 903 (1920) ; also tho ““Third Report
of the Explosions in Mines Committee of the Home Office” (1913),
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The rate of cooling of the sphere due to this cause is proportional
to the ratio of its surface to its volume, and is very great if
the sphere is very small. Consequently, the small flame started
in the sphere will soon become extinguished by the conduction
from its surface, and will, therefore, fail to spread throughout
the gas, unless the volume of the sphere exceeds a certain
minimum value.

Theorem of Point Sources. A condenser spark of very short
length between metal points being regarded as an instantaneous
point source of heat in a uniform medium, the temperature 0
in its neighbourhood is represented by Fourier’s expression*—

Qe-r’/ﬂet
 8c(mkt)P?

in which @ is the quantity of heat dissipated in the spark,
k is the thermometric conductivity, and ¢ the thermal capacity
per unit volume of the gas (supposed uniform), r is the distance
from the source, and ¢ is the time after the moment at which
the heat is communicated. If an inductance spark be regarded
as a source in which the heat is supplied to the gas at a uni-
form rate over an interval of time 7', the temperature distribu-
tion may be deduced from (120) by integration. In the paper
cited the results of numerical calculations based upon (120)
were given, which showed that in the case considered the
volume of the spherical portion of the gas, the boundary of
which was just raised to a certain temperature, was greater
in the case of the instantaneous source than in that of a source
in which the heat supply was continued at a uniform rate for
a finite interval of time, the total heat supplied being the same
in both cases.

General Proof of Theorem. The general proof that this re-
sult holds also for a point source in which the heat @ is supplied
over a finite interval of time, whether uniformly or not, may
be arrived at in the following manner :—In Fig. 104 let curve At
represent the form of the temperature wave (0, t) at any dis-
tance r from an instantaneous point source. The temperature

. (120)

* Théorie de la Chaleur, Sect. 385,

tCurve A in Fig. 104 is calculated from the expression (120) with
Q = 0-001 calorie, r == 0:0604 cm., k = 0:2188, ¢ = 0-00032. The maximum
temperature is 1044° C. at ¢ = 0-002779 second.
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at this distance rises rapidly to a maximum and falls more
slowly from it. The maximum temperature is attained at the
time ¢ = 72/6k, and is higher the shorter the distance r from
the source, being, in fact, inversely proportional to the cube
of the distance from the source, as may be seen by substituting
this value for ¢ in (120).

Q = 00/ calore.
r = 0604 crm.
1000 |-
A
D
800
600 |-
0.
(5] C
400 |~
200 |-
0 005 -0l
1 sec.

Fic. 104. TeEMPERATURE WaVvE FormMs Dui To INSTANTANEOUS
AND CONTINUED POINT SOURCES oF HeaT

If we now suppose that the heat ¢ is communicated in two
equal parts at an interval of time 7' (rcpresented in Fig. 104
by 0-005 sec.), the temperature at the same distance is given
by the sum of the ordinates of the two curves B and C, each
of which has one-half the amplitude of A. The maximum in
the resultant curve occurs at a time shortly before the maxi-
mum of the second component, and it is evident that the
resultant maximum is smaller than the sum of the maxima
of the two components, and therefore than the maximum of
the original curve A. The resultant maximum also evidently
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diminishes as the interval of time between the two components
increases. We may conclude that the result of dividing the
heat supplied into two equal instalments separated by any
finite interval of time is to lower the maximum temperature
at any given point in the neighbourhood. Similar considera-
tions show that the same result holds if the two instalments
are unequal, also if the heat is divided into three or more
instalments, equal or unequal, supplied at equal or unequal
intervals of time. The limiting case of a continued source,
i.e. a very large number of infinitesimal instalments following
one another at infinitely short intervals of time, is also included.
Curve D in Fig. 104 shows a portion of the temperature wave
at the same distance from a point source of the same total
heat, but in which the heat supply is continued uniformly for
0-005 second.

The general result may be stated as follows: If a given
quantity of heat is supplied at a point of a uniform conducting
medium in any manner during a finite interval of time, the
maximum temperature at any neighbouring point is lower than
it would have been if the heat had been supplied all at the
same instant.

By considering the distance from the source at which the
temperature just rises to a given value, instead of the maximum
temperature at a given distance, we arrive at the following
corollary to the above theorem: If a given quantity of heat
is supplied at a point of a uniform conducting medium in any
manner during a finite interval of time, the volume of the
medium, the boundary of which is just raised to any given
temperature, is smaller than it would have been if the heat
had been supplied all at the same instant. This follows from
the theorem and the result, previously stated, that for in-
stantaneous sources the maximum temperature diminishes
with increasing distance from the source.

The introduction of ““volume’ instead of ““distance’ in the
corollary follows from the assumed uniformity of flow of heat
in all directions. Since, however, the proof of the theorem does
not depend upon the precise form of curve A in Fig. 104, the
theorem and its corollary are applicable to the case of a point
source in a conducting medium between two plane parallel
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non-conducting walls at a short distance apart, or to that of
a point source in a thin column of conducting material bounded
laterally by non-conductors. If in these cases the bounding
walls were made conducting some of the heat would enter the
walls and would thus be lost to the medium between them,
but since there seems to be no reason for supposing that the
medium would lose more heat in this way with the instantan-
eous source than with the divided or continuous source, we

5 @ = 00/ calorie.

y
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Fre. 105. EFrecT oF DURATION OF POINT SOURCE ON VOLUME
RAisED TO 1eNITION TEMPERATURE

may assume the theorem and its corollary to hold also in this
case.

Numerical Values. The magnitude of the effect of the dura-
tion of the heat supply is illustrated by the curves in Fig. 105,
in which the ordinate represents the volume of gas, the bound-
ary of which is just raised to a definite temperature by a point
source of heat continued at a uniform rate for a time 7' repre-
sented by the abscissa. The volumes are calculated, from the
integral of the expression (120),* for four temperatures (within
the range of the ignition temperatures of methane-air mixtures),
the values assumed for the constants being those given in the
footnote on page 197. It will be seen that the volume is greatest
for an instantaneous source (7' = 0), and that it diminishes
steadily as the duration of the heat supply is increased. The

* See Phil. Mag., p. 364 (February, 1922).
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same holds when the heat supply, instead of being continued
uniformly for time 7', is divided into a given number of equal
instalments supplied at equal intervals over this time. It is
the increase in the total duration of the heat supply, rather
than an increase in the number of instalments, which causes
the reduction in the volume raised to the given temperature.
An increase in the number of instalments (supposed equal and
equally spaced in time), without increase in the total duration,
has the opposite effect.

According to the hypothesis that ignition depends upon the
volume of the gas which is raised to the
ignition temperature, it follows from
the corollary stated above that an in-
stantaneous point source of heat is
more effective in ignition than a point
source in which the heat is supplied
in any manner (continuous or discon-
tinuous) over a finite interval of time.

Sources of Different Time Distribu-
tion. Experimentally it is easy to pro- F‘(I“)I;ggh&(’;’f}(] s oF
duce sources of approximately the same DISTRIBUTION
total heat, but having different time
distributions, by connecting a condenser of variable capacity
to the electrodes of a spark-gap connected with the secondary
of an induction coil fed with a primary current which has a
constant value at the moment of break. With a large value of
the secondary capacity a single spark is obtained, and as the
capacity is diminished the discharge produced by each inter-
ruption of the primary current divides into two, three, or more
sparks. When the secondary condenser is disconnected we have
the ordinary induction coil discharge consisting of a preliminary
spark followed by a continuous but pulsating and decaying arc.

In Fig. 106 are shown six induction coil spark discharges
produced in this way, between the ends of two wires at a very
short distant apart, and photographed with the aid of a rotating
mirror. That the energy dissipated in the six discharges was
approximately the same is a consequence of the fact that the
primary current at break, and therefore the energy supplied
to the system, was the same in all. Calorimeter measurements

14—(5729)
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of the heat of the sparks in such experiments also show that
it is practically independent of the secondary capacity.*

An experiment described by Morgant shows that the effec-
tiveness of a magneto spark in ignition increases with the
capacity of a condenser connected with the spark-gap electrodes.
This result is in agreement with the theoretical views described
above, since the total duration of the discharge in general
diminishes as the secondary capacity is increased (see Fig. 106).

Explosion Vessel. A simple form of explosion vessel which
the present writer has found suitable for illustrative experiments
on spark ignition consists of a strong glass tube of uniform
bore, about 16 in. long and 1} in. internal diameter, slightly
constricted at the upper end in order to hold firmly a plug of
insulating material which closes the tube at this end and carries
a gas inlet-tube and the electrodes of an adjustable spark-gap.
A piston of felt, movable easily in the glass cylinder, is fitted
to the end of a long brass tube of }in. diameter which acts
as air inlet. The glass cylinder is fixed firmly in a vertical
position, the brass tube passing through a guide about 2 in.
below the lower end of the cylinder. The upper surface of the
guide also acts as a buffer from which the piston rebounds
after the explosion. A scale of inches runs along the length
of the cylinder, to measure the air introduced, the uppermost
inch being divided into tenths for the measurement of the
volume of gas admitted.} A magneto (or an induction coil)
and a condenser connected with the spark electrodes complete
the apparatus. The piston is first set at a suitable mark near
the top of the cylinder, gas is admitted for a short time and
is then cut off by a stopcock in the gas inlet-tube. The piston
is drawn down to a suitable distance (depending upon the
strength of mixture required) and a stopcock near the lower
end of the air inlet-tube is then closed. A half-turn of the
magneto armature (giving one break of the primary circuit)

* A form of calorimeter suitable for comparative measurements of the
heat of sparks consists of a gas thermometer the bulb of which contains the
spark-gap. The deflexion of the liquid column produced by a series of sparks,
and measured from the zero observed after sparking has ceased, gives a
measure of the heat produced in the sparks.

t Electric Spark Ignition, pp. 31, 32 (1920); Engineering (3rd Nov., 1916).

1 Explosion tubes of this form were used for illustrating the lecture in
Glasgow.
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produces the spark, and if the mixture is such that an explosion
of sufficient violence results, the piston is blown out of the
cylinder and after the rebound re-enters the cylinder to a
certain distance. A scale of tenths of an inch may be marked
on the cylinder at the lower end to indicate this distance, which
gives a measure of the impulse of the explosion.*

By means of this apparatus the igniting action of sparks
of different kinds between electrodes of different forms can
be conveniently studied, and the superiority of a condenser
spark over the ordinary magneto spark (e.g. with pointed elec-
trodes of steel or tungsten), indicated by the above theory,
can easily be demonstrated.

Ignition by Sparks between Spherical Electrodes. When igni-
tion experiments are tried with short sparks between spherical
clectrodes of metal + a number of results are found which
appear, at first sight, to be contrary to the thermal theory.
In the first place ignition is difficult and very crratic unless
the metal surfaces are clean. It is scarcely to be expected,
however, that the loss of heat which undoubtedly takes place
by conduction from the gas to the electrodes would be less
when these are clean than when they are covered with a layer
of oxide or other substance of smaller conductivity than the
metal. The result, therefore, seems to point to some action
other than thermal as the cause of ignition. Further, when
different metals are used as eclectrodes, the igniting effect does
not seem to depend appreciably upon their thermal conduc-
tivity. In making this comparison care should be taken to use
electrodes of the same curvature (since the igniting power of
the spark increases with their curvature), and they should be
well cleaned before the experiment. In this way curved sur-
faces of copper, steel, and zinc were found to be equally
effective in ignition, i.e. to be just capable of igniting a given
mixture when the sparks were of the same kind and length,
and were produced by the interruption of the same primary

* The pressure doveloped in an explosion is usually independent of the
nature and intensity of the spark, so long as the spark is sufficient to produce
an explosion at all (sece Morgan, Electric Spark Ignition, p. 15).

+ Short cylinders of about 8 mm. diameter, having spherical ends of about
1 cm. radius of curvature, end placed so as to form a gap 0156 mm. wide
at its narrowest part, were used in most of the experiments described in
this section.
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current. Of the metals examined (copper, steel, zine, platinum,
lead) lead was found to be the most suitable for ignition ex-
periments; the surface of this metal is less easily spoilt by
the tarnishing due to the sparks or to the flame. Carbon elec-
trodes, though not so effective in ignition as those of clean
lead, are also suitable because they do not require to be cleaned
as do metallic surfaces.

Another result which appears to be contrary to the thermal
theory is found when the effect of connecting a condenser to
the spherical electrodes is examined. With electrodes and gap
of the dimensions stated above, the effect of the condenser
is exactly opposite to that observed when pointed electrodes
are used. The condenser produces a decided diminution in the
igniting power of the spark, and the inferiority of the condenser
spark with the spherical electrodes is quite as marked as its
superiority when the electrodes are metal points. In one ex-
periment, with spherical carbon electrodes, ignition without
the condenser occurred at a primary current of 0-7 amp. ; with
the condenser ignition failed at 10 amp., i.e. with a spark of
nearly 200 times as much energy.

This result is directly contrary to that derived from the
theory of thermal conduction from point sources, and we must
conclude either that the thermal theory is wrong or that some
other action takes place, when spherical electrodes are em-
ployed, which is of such greater influence in ignition than
thermal conduction as to mask its effect.

Spreading of Discharge over Surfaces of Electrodes. For the
further investigation of this matter some photographs of the
sparks between spherical electrodes were taken, and six repro-
ductions are shown in Fig. 107. These sparks were produced,
by a magneto, between lead cylinders 8 mm. in diameter, the
spherical ends of which were set at 0-15 mm. apart. The camera
used in photographing them had a quartz lens of 15-6 cm. focal
length, the linear magnification being 1-5. The sparks shown
in Fig. 107 are “ordinary’’ magneto sparks, no condenser being
connected with the electrodes.

An examination of Fig. 107 shows that the ordinary spark
between spherical electrodes differs in one important particular
from the usual short spark which we have regarded as a point
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source. The discharge begins at the centre (i.e. the narrowest
part) of the gap, but some portion of it spreads towards the
sides, and in spreading it lengthens so that it can no longer
be regarded as even approximately a point source. That the

Fia. 107. SPREADING DISCHARGES BETWEEN SPHERICAL
ELECTRODES

spreading is not an effect caused by gaseous combustion is
shown by the fact that the discharges in Fig. 107 took place
in ordinary air free from inflammable gas. The spreading of
the discharge over the clectrode surfaces does not occur when
a condenser of considerable capacity is connected directly with

LA ALALRAL XY VAR

Fic. 108. IGNITION PRODUCED ONLY BY THE SPREADING
DISCHARGE

them. In Fig. 108 are shown seven induction coil sparks be-
tween the lead cylinders, the gap in each case being placed
centrally just above a Meker burner.* The first five passed

* Ignition experiments with a burner may be made either while the gas
is flowing or in the still gas which remains above the burner for a short time
after the gas is turned off. A large Meker burner is the most suitable for the
purpose.
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while a condenser was connected with the terminals ; they show
no spreading and they failed to ignite the gas.* The sixth
and seventh sparks were produced after the condenser had been
disconnected ; of these the sixth shows spreading and produced
ignition, the seventh shows no spreading and failed to ignite.
The primary current interrupted was the same in all seven.

In Fig. 109 are shown seven magneto sparks between spher-
ical electrodes of platinum. Of the seven only the second and

F1e. 109. IGNITION ONLY BY THE TWO SPREADING
DISCHARGES

the fifth show evidence of spreading, and only these two pro-
duced ignition.

Conclusions from Examination of Photographs. The conclu-
sions to be drawn from an examination of these photographs,
and a number of others of a similar kind which were taken,
are that, in the case of short sparks between spherical elec-
trodes of metal or of carbon—

1. The ordinary high-tension discharge (without secondary
condenser) tends to spread from the centre towards the sides
of the gap when the electrodes are of carbon or of clean metal.

2. The tendency to spread increases with the primary current.

3. The spreading does not occur, or occurs much less readily,
over metal surfaces which are not clean.

4. Ignition does not occur, or occurs only with great diffi-
culty, unless the discharge spreads.

* Owing to the much greater brightness of the condenser sparks the aper-
ture of the lens was reduced to its minimum for the first five sparks. Their
images are, however, still rather enlarged by halation.
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5. Ignition does not always occur if there is spreading.

6. Spreading does not occur if a condenser of considerable
capacity* is connected directly with the electrodes.

Results with Spherical Electrodes. With the foregoing in
mind it is easy to understand why the ordinary spark is a
better igniter than the condenser spark when spherical elec-
trodes arc used. The ordinary discharge, in spreading to the
outer and wider parts of the gap, is able to warm the requisite
volume of gas to the ignition temperature, not by thermal
conduction but by its own expansion. The condenser spark,
on the other hand, being confincd to the narrowest part of
the gap, can warm the surrounding gas only by conduction.}
1t is true that in the case of the ordinary spark between spher-
ical clectrodes, only a fraction of the heat is actually utilized
in producing ignition, viz. the heat of that portion of the dis-
charge which is near the edge of the gap. It is quite in accord-
ance with the thermal theory, however, that an enlarged source
may be a better igniter than a point source of greater heat.
For the distribution of temperature round an instantaneous
point source at any time after the heat is communicated is
such that the temperature is highest in the position of the
source, and falls off in all directions from this point. If the
boundary of a certain volume of the gas is at the ignition
temperature, the inner portions of this volume must be at a
temperature above this, and therefore at an unnecessarily high
temperature for the production of ignition. It is clear that,
in regard to the volume raised to the ignition temperature,
a better distribution would be one in which the heat is more
evenly distributed, so that the temperature throughout this
volume is uniform. An instantaneous point source, though
superior to a continued point source, is infer‘or to an enlarged
source of the same or even less total heat.

It appears, therefore, that the results, both with pointed

* The capacity must be sufficiently large to prevent ths formation of an
arc instead of a single or multiple arc (see p. 130).

+ It might be expected that the condenser spark, being in the position
in which it can give heat most readily to the electrodes, would communicate
less heat to the gas than would the ordinary spark. Calorimeter experiments,
however, with small spherical electrodes of carbon indicated that the gas

receives slightly more heat from condenser sparks than from ordinary sparks
produced with the same primary current.
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and with spherical electrodes, are consistent with the view
that the most effective spark in ignition is that which heats
the greatest volume of the gas to the ignition temperature.
With pointed electrodes the heating is effected by thermal
conduction from the source, with spherical electrodes by ex-
pansion of the source itself.

Wandering of the Arc. Some further points now remain to
be considered in regard to the discharge between spherical

——> time

F16. 110. WANDERING ARCS BETWEEN SPHERICAL ELECTRODES
(Beginning of discharges at left-hand side.)

electrodes. The horizontal striations which appear in the photo-
graph of the spreading discharge in Fig. 108, and less clearly
in Figs. 107 and 109, suggest that the apparent spreading is
a radial movement, or wandering, of the arc portion of the
discharge, the striations corresponding to the oscillations of
the induction coil or magneto system.* That this is the case
is confirmed by photographs of the discharge taken with the
help of a rotating concave mirror, some of which are repro-
duced in Fig. 110. They show a number of spark discharges,
produced by an induction coil without secondary condenser,
between spherical electrodes of carbon. Nearly all the images

* See Fig. 61, p. 122, and Fig. 103, p. 193.
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show the wandering of the arc, the movement being upwards,
or downwards, or along other radii. Frequently the arc wanders
to the edge of the gap and breaks off there, the discharge
then beginning again at the centre, sometimes afterwards
wandering along a different radius, as in the fourth, fifth, and
sixth images. This is the explanation of the fact that in several
of the camera photographs (e.g. the first in Fig. 107) the
“spreading”’ appears to take place both upwards and down-
wards in the same discharge. None of the lines in Fig. 110
show any bifurcation, the discharge passing at only one part
of the gap at a time. The curvature of the lines during wander-
ing shows that the speed of the lateral movement of the dis-
charge is greatest at the centre of the gap, which is to be
expected, since the radial variation of the width of the gap
is here smallest.*

With regard to the influence of the wandering on ignition,
it is probable that the most effective discharges in this respect
are those in which the arc wanders to the edge of the gap
and remains there for an appreciable time, as in the sixth and
thirteenth images in Fig. 110. On several occasions it was
observed that a discharge which broke off just after reaching
the edge, to recommence at the centre, was incapable of pro-
ducing ignition. In such cases it must be concluded that though
the wandering is accompanied by a sufficient enlargement of
the source, the time for which the enlargement endures is too
short to result in ignition.t

The wandering of the arc takes place less readily when the
width of the gap is increased. Consequently, it might be
expected that within certain limits a narrow gap between
spherical electrodes would be more effective in ignition than
a wider one. This was found to be the case with the carbon
spherical electrodes used in the present experiments. The
igniting effect of the spark was distinctly better when they
were 0-15 mm. than when they were 0-3 apart, the heat of
the spark being practically the same on both occasions. The

* The photographs reproduced in Fig. 110 suggest that the wandering is
?ﬁgo;?(}:)anied by an increase of width, as well as an increase of length, of

+ The whole time of duration of each of the discharges shown in Fig. 110
was about 1/100 second.
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greater ease of wandering in the narrower gap was more effec-
tive than the greater length of the initial spark in the wider
one.

The wandering also depends upon the curvature of the elec-
trodes, and in the case of sharply-pointed electrodes it must
be greatly restricted by the fact that here any lateral move-
ment of the arc would be accompanied by excessive increase
of length. The possibility suggested itself, however, that some
slight effect of wandering might be observable with pointed
electrodes if these were of the most suitable material. When
ignition was tried with a very short spark between carbon
points it was found that the addition of a secondary condenser
now produced no improvement. Ignition was effected with
cqual success whether the condenser was connected or not.
The same was found with pointed electrodes of clean lead.
In these circumstances the slight wandering over the sides of
the electrodes in the case of the ordinary spark apparently
produces as much effect in ignition as the superior temperature
distribution due to thermal conduction in that of the condenser
spark.

Cause of Wandering of the Arec. As to the cause of the wan-
dering of the are, this cannot be traced to the action of thermal
convection arising from the heating of the gas by the initial
spark. The photographs reproduced in Figs. 107 and 110 show
that the movement of the arc is as often downwards as up-
wards. Nor can the wandering be attributed to thermionic
action, since the movement is from the centre towards the
outer portions of the gap where the surfaces of the electrodes
are cooler. The wandering must be attributed to some property
of the surfaces which is independent of thermal action. Now
it is an observed fact that the wandering takes place much
less readily if the electrode surfaces are not clean or are tar-
nished, and this fact suggests that photoelectric action plays
a part in determining the position of the arc. We may suppose
that the electrode surfaces at the centre are to some extent
“gpoilt”” by the initial spark, so that the arc which follows
it passes more readily across a neighbouring part of the gap
where the surfaces are cleaner. The wandering of the arc thus
represents the tendency of the arc to pass across parts of the
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gap where the surfaces have not been spoilt by the previous
portions of the discharge. According to this view of the matter
the direction of the wandering, which is apparently quite
capricious, is that along which the surfaces at the time are
cleanest, and where the easiest path is prepared for the dis-
charge by photoelectric action.

In Fig. 111 are reproduced rotating mirror photographs of
four multiple spark discharges produced between the carbon
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F1c. 111. MuLTIiPLE SPARKS BETWEEN SPHERICAL ELECTRODES

spherical electrodes by an induction coil with secondary con-
denser. The capacity of the condenser was considerably less
than the maximum which allowed sparks to pass, so that
each discharge consisted of a large number of separate sparks.
Each spark appears at the centre of the gap, and no part of
the discharge shows any tendency to wander towards the side.
This is probably due to the short duration of the high-frequency
oscillations in each of these sparks. If the frequency is lowered
by the inclusion of an inductance coil in the condenser-gap
circuit, the sparks show some evidence of a tendency to
wander.*

A Test of the Electrical Theory of Ignition. It has already
been mentioned that, according to the electrical theory, it is

* Tt was found by G. L Finch and H. H. Thompson (Proc. Roy. Soc., A. 134,

p. 343, 1931) that the igniting power of a high frequency spark increased
when the frequency was lowered in this way.
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not any thermal action of the current but the value of the
current itself which is the determining factor in ignition by
electric sparks or other forms of electric discharge. It is not
difficult to show, however, that in the present cxperiments
with spherical electrodes the maximum current crossing the
spark gap is much greater in the case of the condenser spark
than in that of the ordinary spark, though the latter is, as
we have seen, much the better igniter. Let us suppose that
a condenser of capacity C' is connected with the electrodes,
so that the discharge takes the form of a single spark in which
the current oscillates with high frequency =», determined by
the capacity C, and the self-inductance of the short wires by
which it is connected to the electrodes. Then if the sparking
potential is V,, the maximum value of the current in these
oscillations is (if we neglect damping) 27rnCV,. In the present
experiments V, was about 1,000 volts, C' about 0-004 mfd.,
and » was not less than 10° per sec. Consequently, the maxi-
mum current in the condenser spark was, at a low estimate,
25 amp.

When the condenser is replaced by one of very small capacity,
the discharge changes into a spark of the ordinary kind, con-
sisting of an initial capacity portion followed by a pulsating
and decaying arc. The maximum current in the capacity por-
tion is given by the same expression with the appropriate

values of n and C, and since n is inversely proportioned to V/C,
the maximum current is now considerably less than before,
being directly proportional to the square root of the capacity.

As to the maximum current in the arc portion of the ordinary
discharge (in which the current wave consists of one oscillatory
and one aperiodic component), an upper limit to its value may
be obtained by calculation from the constants of the magneto
circuits and the primary current at the moment of ‘““break”
(see Chapter V). By such calculations it can be verified that
in no case does the maximum current in the inductance portion
of the spark given by a high-tension magneto of the usual type
exceed a few hundred milliamperes.* Tt is, therefore, quite

* See also Morgan, Electric Spark Ignition, p. 21, where it is shown that
the current in the arc portion is smaller than that in the capacity portion of a
magneto spark.
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certain that when a condenser of considerable capacity is con-
nected with the spark electrodes the maximum current in the
discharge is much greater than that in the discharge which
occurs when the condenser is replaced by one of very small
capacity, or when the condenser is absent. The great superi-
ority of the igniting action of the ordinary discharge over that
of the condenser spark between spherical electrodes cannot
therefore be traced to any direct electrical action determined
by the value of the current.

Interpretation of Thermal Theory of Ignition. Although the
thermal theory has proved to be capable of reconciling all the
facts known about ignition by electric sparks, so far as they
have been compared with it, it should be borne in mind that
the theory does not offer any explanation of the mechanism
of ignition. There is nothing in the thermal theory, for example,
to suggest that the energy of the translational motion of the
molecules, or that of their rotational or vibratory motion,
plays a preponderating part in the process of ignition. Each
of these portions of the molecular energy increases with rise
of temperature, and all that the thermal theory states is that
if a certain minimum volume characteristic of each explosive
gaseous mixture is raised to the ignition temperature, the flame
so formed will spread throughout the gas. The importance of
thermal conduction in the theory is that it enables the ““mini-
mum volume” to be raised to the required temperature more
casﬂy with some sources of heat than with others, but it is
not suggested that thermal conduction, or the translational
energy, plays any particular part in the chemical reactions
which occur when that temperature is reached.

The thermal theory is primarily a theory of the initiation
of gaseous cxplosions by small sources of heat, but it does
not suggest that a point source of very high temperature is
a better igniter than a source of greater volume, but of the
same total heat and, therefore, of lower temperature. The
most effective source, in fact, for a given heat supply, is that
in which the heat is communicated instantaneously to a volume
of the gas which it can just raise to the ignition temperature.

As to the existence of a “minimum volume” in ignition by
heat sources there is direct experimental evidence. Messrs.
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Coward and Meiter* have measured the least volume which
must be heated, by a condenser spark in a methane-air mix-
ture, to the ignition temperature in order to ensure general
inflammation, and have found that the volume is of the order
of magnitude indicated by calculation from the expression (120).
Also, in some recent experiments on ignition by small flames,t
Mr. J. M. Holm has been able to produce within an explosive
gas mixture a spherical flame so small that it remains quiescent
for a considerable time, whereas a slightly larger flame imme-
diately produces an explosion. The flame of minimum volume,
or rather the maximum that can exist without expanding, can,
therefore, be seen and photographed.

As already indicated, the above remarks apply more especi-
ally to initial flames which are spherical, or nearly spherical,
in shape, and if sources of other forms are considered the
question arises whether it is always the volume that deter-
mines whether the flame will spread. It is possible that in
the case of linear or laminar sources, the initiation of an ex-
plosion depends upon one of the linear dimensions of the source
rather than upon its volume.

* Journ. Amer. Chem. Soc., 49, p. 396 (1927).
t+ Phil. Mag. 1932.



CHAPTER IX
TRIODE OSCILLATIONS IN COUPLED CIRCUITS*

I~ the previous chapters we have confined our attention mainly
to problems in which transient electrical oscillations are set
going in coupled systems by causing some sudden change (such
as interrupting a battery current or discharging a condenser)
in the primary circuit, but at the present time induction
coils (the term being used in its wider sense) are very frequently
used in circuits in which oscillations are maintained, the most
familiar method of maintenance being that depending upon
the use of a triode valve. Accordingly, we will in this chapter
consider certain matters connected with the maintenance of
triode oscillations in coupled circuits and certain transient
phenomena which occur when a coupled system is switched
into the circuit of a valve oscillator.

The diagram in Fig. 112 shows one of the arrangements of
apparatus suitable for experiments on this subject. 4 and B
are the generating coils, connected in the anode and grid cir-
cuits respectively, C, is the primary condenser, O, a current
oscillograph, H a hot-wire ammeter, 7' the transformer or
induction coil which may be short-circuited by the key K.
0, is an electrostatic oscillograph connected with the secondary
terminals of the transformer. The deflexion shown by O, is pro-
portional to the current flowing through the instrument, that
of 0, to the square of the difference of potential at its terminals.
A 60-watt transmitting valve, giving anode currents up to
100 milliamperes, is a suitable generator for the experiments.
The short-circuiting key K may be a mercury dipper interrupter
actuated by the rotating mirror used with the oscillographs.

The oscillatory system thus consists of two coupled circuits
of which the primary includes the coil 4, the condenser C,,
the ammeter and oscillograph O,, and the primary coil of the
transformer. The capacity in the secondary circuit includes
that of the oscillograph O, and spark-gap electrodes, and the

* Phil. Mag., 47, p. 625 (1924).
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distributed capacity of the coil, and may be increased by the
addition of a variable condenser connected to the secondary
terminals. This system possesses two frequencies of oscillation
which depend upon the inductances and capacities and upon
the coupling of the two circuits. The coupling is less than

LI
L.
O
G
02.
Fig. 112, Circuir or TR1IODE OSCILLATOR WITH TRANSFORMER
A B = Generating coils. T = Transformer.

'y = Condenser. K = Key.
04 = Current oscillograph. G = Spark gap.
I} = Hot-wire ammeter. 0, = Electrostatic oscillograph

that of the transformer alone in the ratio of L,, the self-induc-
tance of the primary coil, to L, 4 L,, the total self-inductance
in the primary circuit. Instead of the connections shown in
Fig. 112, the condenser and transformer, with the ammeter
and oscillograph, may be connected between the points D and
X, in which case the coupling is further reduced owing to the
addition of the coil B to the primary circuit.
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The oscillation may be rendered audible by means of a
telephone connected with a loop of wire loosely coupled with
coil 4.

The Phenomena Observed. The following are the effects
which we shall consider—

1. When the system is oscillating with the transformer in
circuit, one note only is usually heard in the telephone, not
two notes simultaneously as might be expected. A similar
preference for one or other of the two possible vibrations is
also observed in other coupled systems, electrical and mech-
anical (e.g. the singing arc with coupled circuits, and reed
pipes), which give sustained oscillations.

2. If the system is oscillating with the key K closed and
the transformer is then thrown into the circuit, the pitch of
the telephone note may rise, or fall, or it may undergo no
change. These various results may be produced by suitably
adjusting the capacity of the condenser C,.

3. If the capacity C, is gradually varied with the induction
coil always in circuit, the pitch of the note changes suddenly
at a certain stage. This abrupt change of pitch may take place
directly or with an interval in the sequence of values of C,
over which no oscillation is produced.

4. In the secondary circuit the potential produced at un-
shorteircuiting is generally much higher than that generated
afterwards by the alternating current flowing in the trans-
former. In fact, the valve may be unable to maintain any
oscillation with the transformer in circuit, and there may still
be a high potential generated at the secondary terminals when
the transformer is switched in.

Some of these effects are illustrated by the following current
oscillograms. Fig. 113 is a typical curve showing the effect
of throwing the transformer into circuit. In this experiment
the pitch of the note rose by about a major third at un-
shortcircuiting, and the sound was, at the same time, re-
duced in intensity, as indicated by the small amplitude of the
maintained oscillations in the latter part of the curve.
Fig. 114 shows a similar effect but with a greater rise of
pitech (in this case a minor sixth) at the introduction of the
transformer.

15—(5729)
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In the experiments of Figs. 113 and 114, no spark appeared
at the secondary terminals either at unshortcircuiting or after-
wards. If the gap is reduced so as to allow a spark to appear
at unshorteircuiting, the amplitude of the curve falls much more

F1a. 113. CURRENT OSCILLOGRAM SHOWING INCREASE OF FREQUENCY
AND DIMINUTION OF AMPLITUDE ON SWITCHING IN TRANSFORMER

rapidly to a smaller value, and afterwards declines slowly to
its final value, as shown in Fig. 115 (8:3 mm. spark). With a
shorter gap (3-4 mm.) the final steady state is reached sooner,
the shorter spark evidently taking more energy from the system

Fic. 114. SHOwWING LARGE INCREASE OF FREQUENCY ON SWITCHING
IN TRANSFORMER

(Fig. 116). If the gap is still further reduced (or the current
increased) so that sparking takes place freely under the main-
tained alternating current flowing in the transformer, the curve
is as shown in Fig. 117. It appears that each spark has the
effect of reducing the amplitude of the oscillation, and that
some time is required for it to recover and grow again to the
value needed for a repetition of the discharge.

If the oscillograph, instead of being in the condenser circuit,
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is connected in the transformer primary circuit, as at Z (Fig.
112), the instrument will, of course, show only the current
flowing after the key K is opened (Fig. 118).

The curve of Fig. 119 was taken with an induction coil

Fia. 119. SmowiNng FALL oF FREQUENCY ON SWITCHING IN
INpucTIiON CoOIL

substituted for the transformer. On this occasion the con-
denser C, (2:63 mfd.) with the induction coil and oscillograph
were connected between D and X (Fig. 112). The curve indi-
cates a fall of pitch of about a semitone at ““unshortcircuiting.”

F1a. 120. SHOWING BEGINNING OF OSCILLATIONS

Fig. 120 shows the beginning of a train of oscillations (con-
denser, coil, and oscillograph between D and Y as in Fig. 112)
produced by closing a contact maker in the grid circuit.

It will be seen that all these curves show a single oscillation
of increasing, diminishing, or constant amplitude when the
transformer or induction coil is in circuit and not sparking,
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and that there is no evidence of a periodic fluctuation of ampli-
tude such as might be expected in a system possessing two
frequencies of oscillation.

We will now proceed to consider the reasons for the peculiar
changes of pitch at unshortcircuiting, and for the almost com-
plete absence of any trace of one or other of the two component
oscillations of the system, both in the telephone sound and in
the current oscillograph curves.

The Apparent Self-inductance and Resistance of the Primary
Coil of a Transformer. In the first place it is necessary to con-
sider certain points in the theory of the transformer regarded
as a coupled system having electrostatic capacity in the second-
ary circuit, to the primary of which an alternating potential
of given frequency and constant amplitude is applied. Since
the secondary capacity is in part distributed over the coil,
and, in consequence, the current in the secondary wire varies
along its length, we shall, as before, denote by ¢, the current
in the central winding of the secondary coil, and by L,,, L,,,
the coefficients of induction between the primary and secondary.
If the E.M.F. applied to the primary terminals has amplitude
E and frequency p/2m, the equations for the primary and
secondary currents are—

di di

Ligh + L= + Riy = Be® . .. .12
di,

2dt+L“dt+R2'2+V2_O‘ . (122

Where V, is the potential at the secondary terminals. Also,
if C, is the secondary capacity,

iy = C . (123)

Ydt
Assuming that in the forced oscillation i, and i, vary as €7,
and eliminating i, and V,, we arrive after reduction at the

equation for 7,,

d“ + Ri,=Ee? . . . . (124)
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where . Ly, Lyyp?Cy(1 - p2LyC,) (125)
t T 1-pLC.F + RO '
a0 2
R B+ Ly, L,,p°C2R, * ) . (126)

(1 -p2L,C,)° + R2C,p?

Introducing the coupling of the transformer #2
(= Ly Ly,/L4L,), and denoting p*L,C,, the ratio of the squares
of the applied frequency and the natural frequency of the
secondary circuit when oscillating alone, by f, and the quantity

2
(Jiz) L,C, by 4, we find for L and R the expressions—

L,
_ _Ry-p)
L_L'[l+(l—f)2+}.j] . . (127)

<

L and R may be called respectively the “apparent self-induc-
tance” and the “apparent resistance’ of the primary coil of
the transformer. They are the self-inductance and resistance
which a single coil would require to have in order to allow,
under the action of the applied E.M.F. £ cos p¢, a current 3,
to pass identical in amplitude and phase with the primary cur-
rent of the transformer. The apparent impedance of the
primary coil is V' R? + L?p?, and the angle by which the primary
current is behind the applied E.M.F. in phase is tan'! Lp/R.

It appears from the expression (127) that L is equal to L,
when the applied E.M.F. is varying infinitely slowly (f = 0),
and again in the case of resonance (f = 1). For infinitely rapid
variations (f = o ) L is equal to L,(1 — £2).

Variation of Apparent Self-Inductance with Frequency. The
manner of variation of L with the applied frequency may be
illustrated by a numerical example. In one of the experiments
the coupling %2 of the induction coil was 0-768, and the value
of 2 was 0-005147. With these values the variation of the
ratio L/L, with f is shown in Fig. 121, curve I. It will be

* 8ee Gray's Absolute Measurements in Electricity and Magnetism, pp. 251,
252 (1921).



TRIODE OSCILLATIONS IN COUPLED CIRCUITS 223

seen from this curve that as the applied frequency increases
from zero, L/L, increases from unity to a maximum of 6-16
at f = 0-93, then rapidly diminishes and becomes zero at a
value of f slightly greater than unity (1-00676). Between this
value of f and 4-281, L is negative, the greatest negative value
being 4:547 L, at f = 1-08. With further increase of f, L/L,

8
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-6
o | 2 3 4 S
f
Fia. 121. VARIATION OF SELF-INDUCTANCE OF TRANSFORMER
wITH FREQUENCY

becomes and remains positive, slowly approaching its final
value 0-232.

The form of the curve in the neighbourhood of the resonance
point (f = 1) depends greatly upon the value of the coefficient
A, which is proportional to the square of the resistance of the
secondary circuit. If R, be regarded as the effective resistance
of the secondary, as determined from the damping of its oscilla-
tion when the primary is on open circuit, the value of A may
vary considerably with the conditions of the experiment.
Curve II in Fig. 121 shows the variation of L/L, when A is
0-174, a value determined for the same induction coil in
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different circumstances. In this case L is negative between the
values 1-338 and 3-222 of f, but the variation of L is now much
smaller and more gradual near the resonance point. The
greatest positive value of L/L, is 1-761 at f = 0-7, the greatest
negative value 0-163 at f = 1-7. The effect of increasing the
resistance of the secondary circuit is to diminish the range
of variation of L, and also to diminish the range of frequencies
over which L is negative.

If 2 is increased beyond a certain point the L/L, curve
fails to intersect the horizontal axis, and L can no longer have
negative values. The limiting value of 2 may be found by
equating to zero the expression for L given in (127). The
coupling %2 being always less than unity, the conditions that
the equation for f should have real positive roots are—

(A 4 k2% « 44 . . . . . (129)
and A4k <2 . . . . (130)

The greatest value of 4 that satisfies these conditions is
A=2-k2-2V1-k. . ) ) . (131)

With %% = 0-768, this gives 0-2686 as the greatest value of 1
which allows L to become zero. At this value of 1 the L/L,
curve touches the horizontal axis at the point—

f=1Vi-k

If the resistance of the secondary circuit is so small that 2
is negligible the expression (127) reduces to—

_ Kf >
L_L1<1+1—:7 N ¢ &: )
which becomes infinite with change of sign at the resonance
point, and changes sign again at f = 1/(1 - k2).

According to (127) the effect of an increase of the coupling
is, in general, to increase the range of variation of L, and also
to increase the range of frequencies over which L is negative.
By (131) it also increases the maximum value of A which allows
L to change sign.

Application to Valve Experiment. In the valve experiment
the rise of pitch sometimes heard in the telephone when the
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transformer is unshortcircuited is accounted for by the fact
that the apparent self-inductance of the transformer primary
is negative at certain frequencies. If the frequency with the
transformer in circuit lies within the range over which L is
negative the frequency will increase because of the diminution
of self-inductance of the whole oscillatory circuit when the
transformer is introduced.

In one experiment, in which the connections were as in
Fig. 112, the pitch of the note was observed to fall slightly
(L positive) when the induction coil was switched in if the
capacity C, was less than about 0-19 mfd.; at this value the
pitch was the same whether the coil was in circuit or not,
indicating that L was zero. If C; was between 0-19 and
0-902 mfd. the pitch rose at unshortcircuiting (L negative),
the rise of pitch at the latter value being about a semitone.
The self-inductance of coil 4 in this experiment was 0-086 henry,
so that a rise of pitch of a semitone indicates the addition
to the circuit of a self-inductance of about — 0-01 henry. When
C, was further slightly increased the pitch fell at the introduc-
tion of the coil by about the same interval, indicating a positive
value for L, but it was noticed that the diminution of intensity
of the sound at unshortcircuiting was considerably greater now
than when L was negative. The current flowing in the oscilla-
tory circuit was therefore considerably reduced in these cir-
cumstances, that is, just after L changed from a negative to a
positive value.* At still greater values of C, a fall of pitch similar
in amount was heard when the coil was thrown into circuit.

When the high-tension transformer was substituted for the
induction coil the rise of pitch at unshortcircuiting could be
made much greater. Thus, with L, = 0-086 henry and
C, = 3-5mfd. the rise of pitch was about a minor sixth (see
Fig. 114), indicating an apparent self-inductance of about
- 0-052 henry. The value of the coefficient A for the trans-
former in the circumstances of this experiment was about 0-52.
It may be found from the period and decrement of the oscilla-
tion of the secondary circuit with the primary open (see Fig.

* In the circumstancas of this experiment the core of the induction coil
was in a state well below that of maximum inductance, so that a diminution
of current was accompanied by a diminution of L,.
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40). With this value of A it follows from condition (129) that the
coupling of the transformer circuits was at least as great as 0-92.

Experiments on the effect of switching in the transformer
may also be made by adjusting a variable condenser connected
to the secondary terminals of the transformer, instead of vary-
ing C,. If C, is increased, both 1 and f increase, and the effect
is somewhat similar to that of diminishing C;. The primary
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F1a. 122. VARIATION OF RESISTANCE OF TRANSFORMER WITH
FREQUENCY

capacity being kept constant, if C, is small the apparent
inductance of the transformer is negative, as shown by a rise
of pitch at unshortcircuiting, if C, is large L is positive. At
a certain value of the secondary capacity no change of pitch
occurs when the transformer is short-circuited.

Variation of Apparent Resistance with Frequency. As to the
apparent resistance of the primary coil as given by equation
(128), the variation of the ratio R/R, with f is shown in Fig.
122 for the two numerical cases of Fig. 121, the value of R,/L,
being 149 in both cases. Curve I in Fig. 122 is the curve for
the smaller secondary resistance (A = 0-005147). In this case,
the ratio R/R, is unity at very low frequency, 2-109 at very
high frequency, and has a sharp maximum of 216-3 (not shown
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in the diagram) at a frequency slightly greater than the reson-
ance value (f=1). In curve II, calculated for the higher
secondary resistance (A = 0-174), the variation is much more
gradual, the maximum being about 41-6 at f = 1-1, but the
region of high apparent resistance extends to frequencies
differing more widely from the resonance value. At f = 2, for
example, the apparent resistance is over 20 times the resistance
of the primary coil. The facts that the apparent resistance
of the primary coil of a transformer increases as f approaches
unity, and that there are in general, two values of f (one greater
the other less than unity) at which R has the same value, are
of importance in connection with the question, to be discussed
later, of the maintenance of one or both of the oscillations
by a valve.

Energy Dissipated in Transformer Circuits. If the time ¢ be
measured from a moment at which the primary current is zero,
the expression for this current may be written—

i, = A sin pt.
The energy dissipated in the primary circuit during one
period T of the forced oscillation is—

T
f Ryij2dt = R 2T,

ts being the R.M.S. primary current.

From equations (122), (123) we find that the secondary
current (here assumed to be uniformly distributed over the
secondary winding, so that L, = Ly, = M) is—

Mp*C,

Rl TTe i LR
where tan y = Rf(j“"fp

The energy dissipated in the secondary circuit during one
period is therefore—
T . T Ryk*L,L,C2*p*A?
274 — —
/; Ryi2dt = TR
R, k2L, f*

—_ — Y g2

TLO-frr A
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Consequently the total energy dissipated in one period is—

J @i R = R+ B2 e
—RiZT. . . . by(128)

The expression Ri2 therefore represents the mean rate of
dissipation of energy in both circuits of the transformer during
the forced oscillations. It also represents the mean rate at
which work must be done on the system by the applied E.M.F.
in order to maintain the oscillations. If R is very great, as
it may be when the frequency is not far from the resonance
value, it is clear that a valve, to which energy is supplied at
a limited rate, may, for this reason, fail to maintain oscillations
of this frequency and of appreciable amplitude in the trans-
former.

The Triode Oscillatory Circuit as a Coupled System. In the
above discussion of apparent self-inductance and resistance we
have regarded the transformer as executing forced oscillations
under the action of an applied E.M.F. of frequency n (= p/2n).
When we deal with the whole oscillatory circuit of Fig. 112,
however, of which the transformer forms a portion, we must
regard » as a natural frequency, since it is usually determined
mainly by the constants of the circuit.

We shall assume that the circuit possesses two natural fre-
quencies of oscillation given, with sufficient accuracy, by the
usual expression (13), page 6, which becomes in the present
case—

1 1 1
2 T em—e—— —e
§mn® = 1= K2{l101 T L0,

iN/(_l— —l—)2 +agrt L g* (133)

where [, is the self-inductance of the primary circuit, L, 4+ L,,

* In certain circumstances the frequancy may, owing chiefly to the effects
of grid current, differ widely from the value given by the inductances and
capacities of the oscillatory circuit (see a paper by D. F. Martyn, Phil. Mag.,
p- 922, November, 1927).
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and K2 is the coupling of the two circuits forming the whole
system, i.e.
K? = Ly Ly,[L,L,.

If L,C,/l,C, be denoted by m, the ratios of the squares of
the frequencies of these oscillations to the square of the

/
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Fic. 123. VARIATION OF FREQUENCIES OF CIRCUIT WITH m.
CoupLiNG 0-26

The ordinate represents the square of the ratio of the lower or higher frequency of
the system to the frequency of the secondary circuit when oscillating alone.

frequency of the secondary circuit when oscillating alone are
given by—

1
fl = 41rzn12L202 = 2(1——1(-2—) {m + 1- '\/(m - 1)2 + 4K2m}

fa = 4m2n2L,C, = {m+1+vW—m+4mmg

. (134)

1
2(1- K?)

The manner in which f; and f, vary with m is illustrated
by the two curves in Fig. 123, which represent values calcu-
lated from (134) for the particular case K% = 0-26, the coup-
ling found for one of the arrangements used in the present
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experiments. The curves show that f, and f, continually in-
crease as m increases from zero. At first f; increases rapidly,
afterwards more slowly, gradually approaching unity, but only
attaining this value when m becomes infinite. On the other

1
hand, f, begins at the value 1-3514 <i.e. ﬁé> and increases

to infinity as m indefinitely increases.

It appears, therefore, that the system (supposed to have
resistances too small to affect the frequencies appreciably)
never oscillates with a frequency lying between the values

1/27VL,C, (the resonance frequency of the transformer)

and 1/27V L,C,(1 — K?), but that the frequency may have any
value lying outside these limits.* Also the resonance frequency
(f=1) only appears when m is very great, e.g. when the
capacity C, is extremely small. The ratio of the squares of
the two frequencies of the circuit, i.e. the ratio f,/f;, varies
with the value of m, being smallest when m = 1, the ratio
then being (1 + K)/(1 - K).t Itis evident also from the curves
of Fig. 123 that if the system oscillates with a frequency less
than the resonance frequency (f < 1), this oscillation must
be the slower of the two oscillations of the system; if the
observed frequency is greater than the resonance value (f > 1)
this must be the more rapid component.

It is also clear that if the telephone note undergoes no change
of pitch when the transformer is switched into the circuit of
Fig. 112, this can only happen if the frequency before ad-
mission of the transformer is identical with that of the more
rapid component afterwards, since L is zero only at values
of f greater than unity (see Fig. 121). The condition L = 0,
ie. 1-f -+ k¥ = 0, requires, in fact, that the frequency
1 /277\/ L,C, should be equal to the greater of the two frequen-
cies given by (133).

Effect of Variation of Primary Capacity. If, with the arrange-
ment of Fig. 112 the capacity C, is gradually increased from a

* It may be noticed that the range f = 1 to f = 1/(1 — K?) is also that over
which the apparent self-inductance of the whole oscillatory circuit (excluding
the condenser C,) is negative. This follows from equation (132) on substitu-
tion of K32 for k3.

t See equation (14), p. 7.
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small value with the induction coil always in circuit, a single
note is heard, high in pitch at first but falling continuously
until a certain stage is reached at which a sudden fall of pitch
occurs. After that the pitch falls gradually again with further
increase of C,.

Evidently, what happens in this experiment is that at first
the upper note of the system is sounding, the pitch gradually
descending along the upper curve of Fig. 123 (m diminishing)
until at a certain point it suddenly changes to the lower curve

Lt T AW A~

Fi1a. 124. CURRENT OSCILLOGRAM SHOWING SIMULTANEOUS EXISTENCE
oF Borit COMPONENT OSCILLATIONS

along which it continues to fall as m is further reduced. The
experiment may also be made by first adjusting C, nearly to
the critical value, when a slight change of the filament current
produces the sudden change of pitch. A change in the filament
current alters the current in the oscillatory circuit, and there-
fore also the inductances of the induction-coil circuits. Prob-
ably this effect is more marked in the secondary than in the
primary, since the latter circuit contains also considerable
air-core inductance. In this way a very gradual variation of
the tuning of the circuits can be effected, and with this fine
adjustment it is possible to have the two notes of the system
sounding together in the telephone at a certain value of the
filament current. Fig. 124 is a curve given by the current
oscillograph O, (Fig. 112), Fig. 125 one shown by the electro-
static oscillograph O,, when the two notes were sounding
together. The coexistence of the two oscillations is clearly
shown in these photographs by the ‘“beats” which they
produce.

In these experiments, however, the two notes sounded simul-
taneously only in a certain particular adjustment of the system,
and it remains to be explained why the two notes are not
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generally produced together, why the lower note is heard when
m is small (C, large), the higher note when m is large, and
what determines the value of m at which the sudden change

F1a. 125. SHOWING SIMULTANEOUS COMPONENT OSCILLATIONS IN
SECONDARY CIRCUIT

of pitch occurs. For this purpose it is necessary to know the
values of R, the apparent resistance of the transformer primary
for various corresponding values of f; and f,.

Apparent Resistances of the Transformer. Taking again the
two numerical cases of Figs. 121 and 122, the values of R
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F1a. 126. RESISTANCE OF TRANSFORMER FOR THE Two FREQUENCIES
orF THE CIRCUIT

were calculated for the f, and f, corresponding to various values
of m as shown in Fig. 123. The results are shown in Fig. 126,
in which the full-line curves refer to the smaller secondary
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resistance (A = 0-005147). In Fig. 126, curve I, shows values
of R/R, for the oscillation of lower frequency (n,) of the system,
curve I, for the higher frequency (»,). The curves extend over
the range m = 0 to m = 4. It will be seen that when m is
small the apparent resistance of the transformer primary is
greater for the higher frequency than for the lower; when
m is large R is greater for the lower frequency. The curves
intersect at a value of m slightly greater than 1, and the values
of R are varying rapidly at the point of intersection. Thus,
at m = 1.1 the apparent resistance is nearly 40 per cent
greater for the lower frequency component than for the
higher; at m = 0-9 the apparent resistance is greater for the
more rapid component in about the same ratio. At values
of m more remote from unity the values of R for the two
oscillations of the system differ much more. At m = 1-5, for
example, R is 3-5 times as great for the slower oscillation as
for the more rapid; at m = 0-5, R is over five times as great
for the quicker component as for the slower. At the point
of intersection the two equal values of R are each about
52 R,.

The broken line curves II,, IT, in Fig. 126 refer to the other
numerical case (4 = 0-174). These curves present similar
features; when m is small the apparent resistance is much
greater for the quicker component, when m is large it is much
smaller for this component. The point of intersection of the
curves II,, IL,, occurs at a value of m slightly greater than
1-2, the equal values of R being about 18-5 R,. It appears
that the value of m at which the apparent resistance of the
transformer primary is the same for the two oscillations of
the system is rather greater than unity, its excess above
this value increasing with the resistance of the secondary
coil.

When we remember that the condition for maintenance of
valve oscillations depends upon the resistance of the oscillatory
circuit—the addition of a few ohms to this circuit is in some
cases sufficient to stop the oscillations altogether—it is easy
to understand from the curves of Fig. 126 why only one oscilla-
tion is usually maintained at a time, not both together, and
why the slower component is the favoured one if m is small,

16—(5729) 12 Pp-
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the other if m is large.* Beginning with a small value of C,
(m large) the oscillation at first is the higher note because the
apparent resistance of the transformer for this oscillation
(curve I,, Fig. 126) is comparatively small, while for the lower
note (curve I;) the apparent resistance is very much greater.
As O, is increased, the pitch gradually falling, the apparent
resistance increases along the curve I, (Fig. 126), and is in-
creasing rather rapidly when the point of intersection with I,
(near m = 1) is reached. At this stage the apparent resistance
is the same for the two oscillations, but a very slight further
diminution of m causes the resistance to be appreciably greater
for the rapid oscillation (curve I,) than for the slower. Con-
sequently, the oscillation, taking the form for which the resis-
tance is smaller and the stability therefore greater, changes to
the slower component, with sudden drop in pitch, the apparent
resistance afterwards diminishing along the curve I, as m is
further diminished.

It is clear that the sudden change of pitch must occur at
or near the value of m for the point of intersection of the
two curves of apparent resistance of the transformer, and that
the simultaneous maintenance of the two oscillations can also
only occur at the point of intersection, i.e. when the two notes
are equally stable. Since the point of intersection of the curves
occurs at a value of m not far from unity (see Fig. 126), and
since the frequency ratio of a system of given coupling is least
when m = 1, we may conclude that the two oscillations of
the system can only be maintained simultaneously when the
ratio of their frequencies is nearly at its minimum.

It may be remarked that similar effects can be obtained with
other kinds of system, e.g. the singing arc with coupled cir-
cuits. The sudden change of pitch, and the simultaneous sound-
ing of the two notes (with a very prominent difference-tone)

* It is well known that a valve fails to genecrate oscillations if the self-
inductance in the primary circuit exceeds a certain value depending upon
the other constants of the circuit. It might therefore be thought that the
extinction of one of tho component oscillations is due to the incroase of L
near the resonancs point (sce Fig. 121). This supposition would, however,
not account for the facts. For if L is largs and positive, f must be less than 1,
and the frequency must consequently be that of the slower component (see
Fig. 123). If the increased apparent self-inductance of the transformer primary
were the cause of the extinction of one of the notes, this would always be the
lower note.
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at a value of m near unity, can be easily produced with this
arrangement.*

It has been explained that the two notes can only be main-
tained simultaneously if the apparent resistance of the trans-
former is the same for the two frequencies of the system, that
is at the intersection of the resistance curves of Fig. 126, but
another condition is also necessary, viz. that the resistance at
the intersection should not be too great. If R is too great at
the intersection, no oscillations may be produced in appreciable
intensity unless m is either considerably smaller or considerably
greater than the value at the intersection. In one experiment,
for example, in which the induction coil and the condenser
C, were connected to the point X (Fig. 112) instead of to Y,
a clear note was heard in the telephone with C, at 0-85 mfd.,
and another note a perfect fifth lower in pitch when C, was
1:56 mfd., but no note at all was heard with the induction coil
in circuit if €, was between these two values. When C,; was
less than 0-85 mfd., the apparent resistance was on the right-
hand and lower portion of a curve such as IT, (Fig. 126), the
note being the higher note of the system: when C; was above
1-56 mfd., the resistance was on the earlier portion of curve II;,
and the lower note was sounding.

From the above considerations and illustrations it appears
that the principal phenomena associated with the maintenance
of electrical oscillations in coupled circuits by a valve, viz.
the production of one oscillation only in general, the sudden
change of frequency, and the simultaneous maintenance of
both oscillations in certain circumstances, can be adequately
accounted for in terms of the ‘“‘apparent resistance” of the
transformer, and without reference to the characteristic prop-
erties of the valve. The valve is, in fact, here regarded merely
as a device for transferring energv to the circuit at a limited
rate and at a frequency determined by the constants of the
circuit. There are, however, other phenomena, in particular
the so-called ‘““hysteresis” of valve oscillations, that is, the
occurrence of the sudden change of frequency at rather differ-
ent values of C; when this capacity is increasing and when it
is diminishing, in the explanation of which the characteristics

* See Phil. Mag., Jan., 1909, p. 41 ; Nov., 1909, p. 713; Oct., 1910, p. 660.



236 INDUCTION COIL

of the valve are involved.* Such effects were not prominent
in the experiments described in the present chapter.
Transient Effects on Switching in Transformer. The explana-
tion given in the previous paragraphs of the absence of one or
other of the two component vibrations of the system applies
only to the steady state some time after unshortcircuiting
when the amplitude has become constant. In the period of
transition immediately following the introduction of the trans-
former, however, while the system is accommodating itself to

F1a. 127. SECONDARY POTENTIAL OF COIL WHEN SWITCHED
INTO CIRCUIT

its new conditions, there is evidence that the two components
often exist together.

Fig. 127 is an example of the curves shown by the electro-
static oscillograph connected to the secondary terminals as in
Fig. 112, when the key K was opened. In this experiment
an induction coil was used in place of the transformer owing
to its greater suitability for inductance measurements. The
periodic variations of amplitude in the curve of Fig. 127 show
clearly that two oscillations differing in frequency are present
in the wave of secondary potential following the admission
of the induction coil into the circuit. The wave form shows
considerable variations, however, depending upon the phase
of the previously existing oscillation at which the induction
coil is switched in. If contact is broken at K at a moment
when current is flowing into the condenser, a spark appears
at the interrupter and the amplitude of the curve is small.
The amplitude is greatest when contact is broken at a moment
of maximum potential in C;, and when consequently no spark

* For a discussion of thess phenomena see a paper by B. van der Pol, Jr.
Phil. Mag., p. 700 (April, 1922).
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appears at K. The curve shown in Fig. 127 was the curve of
greatest amplitude among twenty photographs obtained with
a certain combination of coils and condensers, all taken with
the same current (indicated by the hot-wire ammeter) flowing
in the condenser circuit before admission of the induction coil.

We will suppose, therefore, that the transformer is unshort-
circuited at a moment when the condenser C, is at its maximum
potential. At this instant there is no current or potential in
the secondary circuit, and the conditions are very similar to
those existing in the Tesla coil, which is excited by charging
the condenser to a certain initial potential ¥V, and allowing
it to discharge through the primary coil.

We should, therefore, expect that when contact is broken
at K (Fig. 112), two damped oscillations are set going in the
circuit, the potential at the secondary terminals being given
(see Chapter VII) by the expression—

. L2101 Ve . kit -
Ve O 1O + 4RI L, T s G e
—efitcos (2mngt + €,)}, . (135)

where the damping coefficients k,, k,, are those given in equa-
tions (46) and (47), page 85, and e,, €,, are small angles which
can be calculated from the constants of the circuits.*

In the present problem, however, there is another fact which
must be taken into account. In the experiment of Fig. 127,
the value of m (= L,C,/l,C,) was 1-507, and the apparent resis-
tance of the coil was rather large, even for the more rapid com-
ponent vibration (see Fig. 126). In the circumstances of the

* See Drude, Ann. d. Physik, 13, p. 539 (1904). The expressions for e, e,,

for a Tesla coil are—
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experiment the valve was, in fact, unable to maintain either
oscillation at a constant amplitude, as shown by the fact that
the amplitude falls to zero after the transient in Fig. 127,
though it considerably reduced the decrement of the more rapid
component. It was necessary, therefore, to determine the value
of k,, the damping factor of the more rapid component, as
modified by the action of the valve. This value was found
from the primary current oscillogram, a curve, similar to that
of Fig. 114, showing (after unshortcircuiting) a single damped
oscillation* of frequency equal to that of the more rapid com-
ponent of the system. From this curve the value of k, was
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Fr1a. 128. SECONDARY POTENTIAYT, OF COIL AT ADMISSION INTO
CirculT (CALCULATED)

found to be 105, whereas the value calculated from the resis-
tances of the circuits was 761. The difference represents the
action of the valve in reducing the damping of the higher
frequency oscillation. With this exception (the damping of the
slower component being not appreciably affected by the valve),
the constants of the circuits were all determined by the methods
described in Chapter III. From these, when inserted in the
expression (135), were calculated values of V, for various times
¢t after the moment of admission of the induction coil into the
circuit. The values of V, being squared, for comparison with

* It may seem remarkable that the primary current curve at unshortecir-
cuiting shows no evidence of double periodicity such as that plainly shown
in the curve of secondary potential of Fig. 127. A calculation of the initial
amplitudes of the two components of the primary current, as given in equation
(98), p. 179, showed however that that of the slow vibration was only one
quarter of that of the rapid one, while its decrement was considerably the

greater of the two. The slower component was, therefore, not much in evi-
dence in the primary circuit.
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the oscillograph curve (Fig. 127), the calculated results are
shown in Fig. 128, in which the horizontal axis represents the
time ¢ in seconds, the ordinate the ratio of the square of V,
to that of V,, the maximum potential of the primary condenser
in the oscillations preceding the opening of the key K. A
comparison of the observed and calculated curves of Figs. 127
and 128 shows that there is good agreement between them,
in regard to both the time intervals between the successive
zeroes and the relative heights of the successive peaks in the
curves.

The maximum potential indicated in Fig. 128 is 140-3 V,,.
Now, the smallest R.M.S. primary current which was observed
to give at unshorteircuiting a 1-cm. spark between two metal
spheres of 2 cm. diameter connected with the secondary ter-
minals was 1-57 amp. Also, the frequency of the preceding
oscillations was 753-6, and the capacity of the primary
condenser 2:17 mfd. Consequently, the value of V, in this
experiment was—

1-57V/2 . 108
27 . 753:6.2:17
= 216 volts.

Vo=

The calculated maximum secondary potential is therefore—
Vom = 140-3 X 216
= 30,300 volts,

which does not fall far short of the generally accepted value
of 31,000 volts required to spark across a l-cm. gap of this
kind.

It may be remarked that if the same primary condenser C,
were charged by a battery to potential ¥, and then discharged
through the primary of the coil, the maximum secondary
potential in this case would be 96-4 V. The effect of the valve
in the experiment of Fig. 127 is to raise this to 140-3 V,, and
it does this simply by reducing the damping factor of one of
the two vibrations of the coupled system.

From the close agreement between the observed and calcu-
lated results in this experiment it may be concluded that
the application here made of the theory of the Tesla coil,
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modified by substitution of the observed damping coefficient
of the higher frequency vibration of the system for the value
calculated from the resistances, accounts satisfactorily for the
abnormal potential effects observed when the primary of a
transformer or coil is switched into a triode oscillatory circuit.

The nature of the transient effect here discussed, which occurs
when a transformer is switched into a triode circuit, is very
different from that illustrated in Fig. 53, page 109, which shows
the effect of connecting a transformer to a source of ordinary
A.C. current. In the experiment of Fig. 53, the transient
includes one oscillation, and it dies away as the alternating
current is becoming established. In the problem discussed in
the present chapter, the transient consists of two oscillations,
one of which subsides to zero, and the other may or may not
afterwards persist as a regular periodic flow of current in the
circuit.



APPENDIX

ELECTRON DIFFRACTION
BY NITRO-CELLULOSE FILMS

At the end of Chapter VI it is stated that diffraction patterns
similar to those obtained with celluloid films are also observed
when the pencil of cathode rays is transmitted through suffi-
ciently thin films of pure nitro-cellulose. One of the photo-
graphs obtained with this substance is reproduced in Fig. 129.

Fras. 129 Axp 130. NITRO-CELLULOSE

It shows the first ring of the pattern with twelve maxima
equally spaced round its circumference, and the pattern is
evidently of the same type as that of Fig. 84, page 155.

In addition to the six or twelve principal maxima on the
first ring, these patterns usually show a number of finer maxima,
and in some cases the secondary maxima show evidence of
regularity of arrangement in relation to the principal maxima.
In Fig. 130, for example, taken with another film of nitro-
cellulose, the secondary maxima are arranged in six groups
on the ring. The regularity of arrangement of the secondary
maxima is, however, shown more clearly by films of celluloid
(probably because they are usually thinner), as, for example,
in the photograph reproduced in Fig. 131.

The photographs reproduced in Figs. 129, 130, 131, were
taken with a camera similar to that described in Chapter VI

241
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(Fig. 83, page 153), but larger, the distance from film to plate
being about 36 cm. The peak potential in Fig. 129 was 80 kV,
in Fig. 130, 70 kV, and in Fig. 131, 80 kV.

As to the meaning of the secondary maxima, if it is correct
to assume, as suggested in Chapter VI, that the six or twelve
principal maxima arise from scattering by centres near the two
sides of the film, it seems natural to suppose that the secondary
maxima are due to the internal portions of the film. If this
view is correct, it appears that the regularity of arrangement
of the scattering centres exists throughout the whole thickness

F1g. 131. SHOWING ARRANGEMENT OF SECONDARY MAXIMA IN
CELLULOID DIFFRACTION PATTERN

of the film, the planes of centres in different layers being,
however, not quite parallel to each other.

Another feature of the pattern in Fig. 131 is that the numbers
of secondary maxima are not the same in all the groups. In
two of the diametrically opposite pairs of groups there are
five maxima, in the third pair there are ten.* These numbers
might suggest that there is some connection between the
secondary maxima and the arrangement of the oxygen and
hydrogen atoms in the cellulose molecule, but there are other
details, regarding the arrangement of the maxima within each
group, which require further investigation.

* These details are shown better in the original negative from which Fig.
131 was prepared.
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ConNDENSING Pranxt. By R ]. Kaula, MI.LEE, and I. V.
Robinson, Wh.Sc., A.M.Inst.C.E. .

DEFINITIONS AND FORMULAE FOR STUDENTS—APPLIED M-
cHANIcs. By E. H. Lewitt, B.Sc., AAM.I.Mech.E..

DEFINITIONS AND FORMULAE FOR STUDENI‘S-——HEAT ENGINES.
By A. Rimmer, B.Eng. Second Edition.

Dieser ENGINES : MARINE LocoMOTIVE, AND STATIONARY By
David Louis Jones, Instmctor Diesel Engine Department,
U.S. Navy Submarine Department . . . .

ENGINEERING EbDucaTOR, Pirman’s. Edited by W. ].
Kearton, M.Eng., AM.I.Mech.E.,, AM.Inst.N.A. In three
volumes . . . .

ESTIMATING FOR ME cm,mc AL hxcrw 1 rs. By L. E. Bunnett,
AMIPE. . . . . .

FRICTION CLUTCHES. By R. War'mg-Brown, AMIALE,
F.RS.A, MIP.E. . . . . .

FUuEeL ECONOMY IN STEAM PLANTS By A. Grounds, B.Sc.,

F.I.C, F.Inst.P. . . . .

FueL OILS AND THEIR APPLICATIONS By H. V. Mitchell,
F.C.S. Second Edition, Revised by A. Grounds, B.Sc., A.I.C.

MEcCHANICAL ENGINEERING DETAIL TABLES. By P. Ross

MEecHANICAL ENGINEER’S POCKET Book, WHITTAKER’s. Third
Edition, entirely rewritten and edited by W. E. Dommett,
A.F.Ae. S AMIAE. . .

MEcHANICS’ AND DRAUGHTSMEN'S Pocxm Boox By W E
Dommett, Wh Ex., AM.I.A.E.

MECHANICS FOR ENGINEERING STUDENTS. By G. W. Bird,
B.Sc., AM.I.Mech.E.,, AM.ILE.E. Second Edition . .

MEecHANICS OF MATERIALS, EXPERIMENTAL. By H. Carrington,

M.Sc. (Tech.), D.Sc., M.Inst.Met.,, AM.I.Mech.E,AF.R.E.S.
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AERONAUTICS, ETC. 9
Mechanical Engineering—contd. s. d.
MoLLIER STEAM TABLES AND D1aGRAMS, THE. Extended to the

Critical Pressure. English Edition adapted and amplified

from the Third German Edition by H. Moss, D.Sc., A.R.C.S.,

D.I.C. . 7 6
MOLLIER STPAM DIAGRAMS Separately m cnvelope . 2 0
MoTive PowER ENGINEERING. By Henry C. Harrns, 13.Sc. 10 6
Steam CoNDENSING Prant. By John Evans, M.Eng.,

A M.I.Mech.E. . . . 7 8
SteaM PrLaNT, THE CARE AND MAINTENANCI: OF By J. E.

Braham, BSc A.CG.I. . . § 0
Steam TURBINE OPERATION. By W. J. Kearton, M.Eng.,

A.M.I.Mech.E., A.M.Inst.N.A. . . . . . 12 6
StEAM TURBINE THEORY AND PracricE. By W. J. Kearton,

AM.IM.E. Third Edition 1§ 0
STRENGTH OF MATERIALS. By F. V. WdrnOCk Ph D, " B. Sc

(Lond.), F.R.C.Sc.I., A M.I.Mech.E. 12 6
TeXTILE MECHANICS AND HEAT ENGINES. By Arthur Riley,

M.Sc. (Tech.), B.Sc., A M.I.Mech.E., and Edward Dunkerley 15 0
THEORY oF MACHINES. By Louis Toft, M.Sc.Tech., and A. T. J.

Kersey, B.Sc. Second Edition . 12 6
THERMODYNAMICS, APPLIED. By Prof. W. Robmson M.E.,

M.Inst.C.E. . . . 18 0
TurBO-BLOWERS AND (;ompmzssons By \V J Kearton

AMIME. 21 0
UNIFLOW BACK-PRESSURE AND ST};AM L\H‘RA(.TION ILNGINES

By Eng. Lieut.-Com. 1. Allen, R.N.(S.R.), M.Eng,

M.I.Mech.E. 42 0
WORKSHOP PRACTICE Fdxted by E. A Atkms M I. Mech E

M.I.W.E. In eight volumes . . .Each 6 0

AERONAUTICS, ETC.
Arro EnGINEs, LigHT. By C. F. Caunter . . . . 12 6
AEROBATICS. By Major O. Stewart, M.C., A.F.C. . 5§ 0
AERONAUTICS, DEFINITIONS AND FORMULAE FOR STUDENTS

By J. D. Frier, A.R.C.Sc,, D.I.C,, F.R.Ae.S. - 6
AEROPLANE STRUCTURAL DEsIGN. By T. H. Jones, B Sc -

AM.I.M.E,, and J. D. Frier, A.R.C.Sc,, D.I.C. 21 0
AIR AND AV[ATION Law. ,By W. Marsha.ll Freema.n Barnster-

at-Law 7 6
AIRCRAFT, MODFRN By Ma]or V. W. Page Air Corps Reserve,

USA.. 21 0
AIR NAVIGATION FOR THE PRIVATE OWNER By Frank A.

Swoffer, M.B.E. . 7 6
AIRMANSHIP. By John McDonough . 7 6
ArrsHIP, THE Ricip. By E. H. Lewitt, B. Sc M.IAeE.. 30 0
AvuToGIro, C. 19, Book oF THE. By C. J. Sanders and A. H.

Rawson . . 50
AVIATION FROM THE GROUND UP By Lleut. G. B. Manly . 15 0
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Aeronautics, etc.—contd.

CiviLIAN AIRCRAFT, REGISTER oF. By W. O. Manning and
R. L. Preston .

FLYING As A CAREER. By Major Oliver Stewart M. C., AF.C.

GLipING AND MotorLeEss Frigur. By C. F. Carr ‘and L.
Howard-Flanders, A F.R.AES., MI.AZ.E.,, AM.I.Mech.E. .

LearRNING TO FLY. By F. A. Swoffer, M.B.E. With a Foreword
by the late Sir Sefton Brancker, K.C.B., A.F.C. 2nd Ed.

PARACHUTES FOR AIRMEN. By Charles Dixon .

Prrot’s ** A" Licence Compiled by John F. Leemmg, Royal
Aero Club Observer for Pilot's Certificates. Fourth Edition .

MARINE ENGINEERING

MARINE ENGINEERING, DEFINITIONS AND FORMULAE FOR
StupenTs. By E. Wood, B.Sc.

MARINE SCREW PROPELLERS, DETAIL DESIGN OF. By Douglas
H. Jackson, M.I.LMar.E,, AMINA

OPTICS AND PHOTOGRAPHY

AMATEUR CINEMATOGRAPHY. By Capt. O. Wheeler, F.R.P.S. .

AppLIED OpTICS, AN INTRODUCTION TO. Volume I. By L. C.
Martin, D.Sc., D.I.C., A.R.C.S. . . .

BROMOIL AND TRANSFER. By L. G. Gabriel .

CAMERA LENsEs. By A. W, Lockett

CoLour PrHoTOGRAPHY. By Capt. O. Wheeler F.R.PS..

CoMMERCIAL PHOTOGRAPHY. By D. Charles .

CoMPLETE PREss PHOTOGRAPHER, THE. By Bell R Bell.

Lens Work ForR AMATEURs. By H. Orford. Fifth Edition,
Revised by A. Lockett . . . .

PHOTOGRAPHIC CHEMICALS AND (,m:msnw By ]J. South-
worth and T. L. J. Bentley . . .

PHoTOGRAPHIC PRINTING. By R. R. Rawlum

PHOTOGRAPHY As A BusiNess. By A. G. Willis

PHOTOGRAPHY THEORY AND PRACTICE. By E. P. Clerc. Edited
by G. E. Brown

RETOUCHING AND FINISHING FOR PHOTOGRAPHERS. By J. s.
Adamson

STUDIO PORTRAIT LIGHTING. By H. Lambert F.RP.S. .

ASTRONOMY

AsTRONOMY, PicTorIAL. By G. F. Chambers, F.R.A.S..

AsTRONOMY FOR EVERYBODY. By Professor Simon Newcomb,
LL.D. With an Introduction by Sir Robert Ball .

GREAT ASTRONOMERS. By Sir Robert Ball, D.Sc., LL.D., F.R. S

Hicu Heavens, IN THE. By Sir Robert Ball .

STARRY REALMS, IN. By Sir Robert Ball, D.Sc., LL.D., F R. S
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MOTOR ENGINEERING

MOTOR ENGINEERING

AUTOMOBILE AND AIRCRAFT ENGINEs By A. W, ]udge
A.R.CS.,, AM.ILAEE. Second Edition

CARBURETTOR HANDBOOK, THE. By E. W. Knott AMIAE..
Gas AND O1L ENGINE OPERATION. By J. Okill, M.I.AE..
Gas, O, aAND PETROL ENGINES. By A. Garrard, Wh.Ex.

MAGNETO AND ELECTRIC IGNITION. By W. Hibbert, AM.I.LE.E.
Third Edition

MoTOR-CYCLIST'S LIBRARY THE. Each volume in this series
deals with a particular type of motor-cycle from the point
of view of the owner-driver . . . Each

A.].S., THE Book oF THE. By W. C. Haycraft.
ArieEL, THE Book orF THE. By G. S. Davison.
B.S.A., THE Book ofF THE. By ‘ Waysider.”
Doucgras, THE Book oF THE, By E. W. Knott.
IMPERIAL, Book oF THE NEw. By F. J. Camm.
MartcHLEssS, THE Book oF THE. By W. C. Haycraft.
NorroN, THE Book oF THE. By W. C. Haycraft

P. AND M., THE Book oF THE. By W. C. Haycraft.
RaLEIGH HANDBOOK, THE. By ““ Mentor.”

RovaL EnriELp, THE Book oF THE. By R. E. Ryder.
RupcGe, THE Book oF THE. By L. H. Cade.
TriumpH, THE Book oF THE. By E. T. Brown.
ViLLIERs ENGINE, Book oF THE. By C. Grange.

MoTtorisTs’ LIBRARY, THE. Each volume in this series deals
with a particular make of motor-car from the point of view
of the owner-driver. The functions of the various parts of
the car are described in non-technical language, and driving
repairs, legal aspects, insurance, touring, equipment, etc., all
receive attention.

Avustin, THE Book or THE. By B. Garbutt. Third
Edition, Revised by . H. Row .

MorGaN, THE Book or THE. By G. T. Walton

SINGER JunIOR, Book oF THE. By G. S. Davison.

MoTtorist’s ELEcCTRICAL Guipg, THE. By A. H.
Avery, AM.LLE.E: .

CARAVANNING AND CAMPING. By A. H. M. Ward, M.A.

ELECTRICAL ENGINEERING, ETC.

ACCUMULATOR CHARGING, MAINTENANCE, AND REPAIR. By
W. S. Ibbetson. Second Edition . . . . .

ALTERNATING CURRENT BRIDGE MEeTHoDs. By B. Hague,
D.Sc. Second Edition . . . . .
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12 PITMAN’S TECHNICAL BOOKS

Electrical Engineering, etc.—contd.

ALTERNATING CURRENT Circurr. By Philip Kemp, M.ILE.E..

ALTERNATING CURRENT MACHINERY, PAPERS ON THE DESIGN
or. By C. C. Hawkins, M.A,, MIE.E., S. P. Smith, D.Sc.,
M.I.LE.E., and S. Neville, B. Se.

ALTERNATING CURRENT POWER MEASUREMENT By G F
Tagg, B.Sc. . . .

ALTERNATING CURRENT Wom( By W. Perren Ma.ycock
M.ILLE.E. Second Edition

ALTERNATING CURRENTS, THE THEORY AND PRACTICE OF. By
A. T. Dover, MI.LE.E. Second Edition

ARMATURE WINDING, PRACTICAL DIRECT CURRENT By L
Wollison

CaBLEs, Hicn VOLTAGE. ByP Dunsheath O.B.E. M A B Sc
MIEE.

ConTINUOUS CURRENT DYNAMO DESIGN, ELEMENTARY
PrinciPLES oF. By H. M. Hobart, M.I.CE.,, MIME,
M.A.LE.E. .

CoNTINUOUS CURRENT MOTORs AND (,ONTROL APPARATU‘; By
W. Perren Maycock, M.ILE.E.. .

DEFINITIONS AND FORMULAE FOR STUDFNTS—FLL(.TRILAI By
P. Kemp, M.Sc.,, M.I.LE.E .

DEFINITIONS AND FORMULAE FOR STUDENTS——}LLECTRILAL
INsTALLATION WoORK. By F. Peake Sexton, A.R.CS.,
AMIEE. .

DIRECT CURRENT bLLCTRIu\L hNGINEERING hLEMEms OF.
By H. F. Trewman, M.A,, and C. E. Condliffe, B.Sc..

DIrRECT CURRENT ELECTRICAL IENGINEERING, PRINCIPLES OF.
By James R. Barr, AM.I.LE.E.

DirECT CURRENT DYNAMO AND MOTOR FAULTS By R M. Archer

Direcr CURRENT MACHINES, PERFORMANCE AND DESIGN OF.
By A. E. Clayton, D.Sc,, M.IE.E.

Dynamo, THE: ITs THEORY DESIGN, AND MANUFACTURE By
C. C. Hawkins, M.A,, M.IE.E. In three volumes Sixth
Edition—

Volume |
11
111

DvyNamo, How To Manace THE. By A. E. Bottone. Sixth
Edition, Revised and Enlarged .

ELECTRIC AND MagNETIC CirCUITS, THE AL’lhRNATING AND
Direct CurreNT. By E. N. Pink B.Sc,, AM.LE.E.

ELecTrIC BELLs aND ALL Asoutr TuEM. By S. R. Bottone.

Eighth Edition, thoroughly revised by C. Sylvester,
AMIEE. . . . . . .

c o



ELECTRICAL ENGINEERING 13
Electrical Engineering, etc.—contd. s. d.
ELecTrIC CIRCUIT THEORY AND CALCULATIONS. By W. Perren

Maycock, M.I.E.E. Third Edition, Revised by Philip Kemp,

M.Sc,MIEE,AAIEE. . 10 6
ELEctrIC Ligur F ITTING, PRACTICAL. By F C. Allsop Tenth

Edition, Revised and Enlarged 7 6
ELECTRIC LIGHTING AND POWER D(STRIBUTION By w. Perren

Maycock, M.I.LE.E. Ninth Edition, thoroughly Revised by

C. H. Yeaman

Volume I 10 6
II . 10 6
ELEcTRIC MACHINES, THEORY AND DLSIGN OF, Bv F. Creedy.

MAIEE, AC. GLI. 30 0
ELECTRIC MOTORS AND CONTROL SYSTEMS By A. T. Dover,

M.ILE.E., A Amer..LE.E. . . . . 150
ELECTRIC MOTORS (DIRECT CURRENT): THEIR THEORY AND

ConsTrRUCTION. By H. M. Hobart, M.I.E.E,, M.Inst.C.E ,

M.Amer.I.LE.E. Third Edition, thoroughly Revised . 15 0
ELEcTRIC MOTORS (PoLYPHASE): THEIR THEORY AND CON-

sTrRUCTION. By H. M. Hobart, M.Inst.C.E,, M.LLEE,,

M.Amer.I.LE.E. Third Edition, thoroughly Revised . 158 0
ELECTRIC MOTORS FOR CONTINUOUS AND ALTERNATING CUR-

RENTS, A SMALL Bookon. By \V. Perren Maycock, M.IEE. 6 0
ELecTrIC TRACTION. By A. T. Dover, M.I. EE., Assoc Amer.

LLE.E. Second Edition . . 25 0
ErLectric TRAIN-LiGHTING. By C. (,oppock . 7 6
ELecTrIC TROLLEY Bus. By R. A. Bishop . . . 126
ELEcTrIC WIRING Diagrams. By W. Perren Maycock,

M.IEE. . .50
ELEcTRIC WIRING I*ITTIN(zS SWITCHES AND LAMPQ By W.

Perren Maycock M.IEE. Sixth Edition. Revised by

Philip Kemp, M.Sc., M.I.LE.E. 10 6
Ii.LECTRIC WIRING OF BUILDINGS By F. C. Raphad M. I IO h. 10 6
ELECTRIC WIRING TABLES. By W Perren Mavcock, M.I.E.E.

Revised by F. C. Raphael, M.I.E.E, Sixth Edition 3 6
ErLecTtricAL CoNDENSERS. By Philip R. Coursey, B.Sc,

F.Inst.P, AMLEE. 37 6
ELECTRICAL EDUcCATOR. By Slr Ambro:.e F lernmg, M A.

D.Sc., F.RS. In three volumes. Second Ed.tion 72 0
EL ECTRICAL ENGINEERING, CLASSIFIED EXAMPLEs IN. By S.

Gordon Monk, B.Sc. (Eng.), AM.LE.E In two parts—

Volume I. Directr CURRENT. Second Edition. 2 6
II. ALTERNATING CURRENT. Sccond Edition . 3 6
ELEcTRICAL ENGINEERING, ELEMENTARY. By O. R. Randall,
Ph.D., B.Sc., WhEx. . 5 0
FELECTRICAL ENGINEER’S Pocker Boox WHITTAKER s. Ongx-
nated by Kenelm Edgcumbe, M.I.LE.E., AM.I.C.E. Sixth
kdition. Edited by R. E. Neale, B Sc¢ (Hons) 10 6
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Electrical Engineering, etc.—contd.

ELECTRICAL INSTRUMENT MAKING FOR AMATEURS. By S. R.
Bottone. Ninth Edition. . .

ELECTRICAL INSULATING MATERIALS. By A. Monkhouse Junr "
M.LLE.E.,, AM.I.Mech.E. .

ELECTRICAL GUIDES, HAWKINS’. Each book in pocket size

1. ELECTRICITY, MAGNETISM, INDUCTION, EXPERIMENTS,
DyNamos, ARMATURES, WINDINGS
. MANAGEMENT OF DvyNAMOS, MOTORS, INSTRUMENTS,
TESTING
. WIRING AND DISTRIBUTION SYSTEMS, STORAGE BATTERIES
. ALTERNATING CURRENTS AND ALTERNATORS
. A.C. Motors, TRANSFORMERS, CONVERTERS, RECTIFIERS
. A.C. SysTeEMs, CIRcUIT BREAKERS, MEASURING INSTRU-
MENTS
A.C. WIrING, POWER StaTIiONS, TELEPHONE WORK
TELEGRAPH, WIRELESS, BELLS, LIGHTING
RaiLways, MoTioN PICTURES, AUTOMOBILES, IGNI-
TION
10. MODERN APPLICATIONS OF ELECTRICITY. REFERENCE
INDEX

AN s W N

©®N

ELECTRICAL MACHINERY AND APPARATUS MANUFACTURE.
Idited by Philip Kemp, M.Sc.,, M.TLE.E,, Assoc.A.LE.E.
In seven volumes . . . Each
ELECcTRICAL MACHINES, PRACTICAL TESTING op By L. Oulton
AMIEE, and N. J. Wilson, M.ILE.E. Second Edition
ELECTRICAL POWER TRANSMISSION AND INTERCONNECTION,
By C. Dannatt, B.Sc., and J. W. Dalgleish, B.Sc. . .
ELEC’I‘;[CAL Trcunorogy., By H. Cotton, M.B.E., D.Sc,

ELEcTRICAL TERMS, A DicTiIONARY OF. By S. R. Rogct, M.A.,
AM.Inst.C.E.,, AM.I.LE.. Second Edition} . .

ELECTRICAL TRANsMIssioN AND DisTriBUTION. Edited by
R. O. Kapp, B.Sc. Ineight volumes. Vols. [ to VII, each
Vol. VIII . . . .

ELecTRICAL WIRING AND ContrACTING. Edited by H.
Marryat, M.ILE E., M.I.Mech E. In seven volumes . Each

ELEcTRO-MoTORs : How Mape anp How Usep. By S. R.
Bottone. Seventh Edition. Revised by C. Sylvester
AMIEE.

ELECTRO-TECHNICS, ELEMENTS OF By A. P. Young, 0.B. L
M.IE.E.

FRACTIONAL HoORsE-POWER MoTORS. By A H. Avery,
AMIEE. .

INpucTION MOTOR, THE. By H. Vlckers PhD MEng

KINEMATOGRAPHY PROJECTION: A GUlDE to. By Colin H.
Bennett, F.CS., F.R.PS.

MERCURY-ARC RECTIFIERS AND MERCURY VAPOUR LAMPS By
Sir Ambrose Fleming, M.A., D.Sc., F.R.S. . . .
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TELEGRAPHY, TELEPHONY, AND WIRELESS 15

Electrical Engineering, etc.—contd. s.

METER ENGINEERING. By J. L. Ferns, B.Sc. (Hons.), AM.C.T. 10

OsciLLoGRAPHS. By J. T. Irwin, AM.ILE.E. . 7
PowER DISTRIBUTION AND ELECTRIC TRACTION, EXAMPLES IN.

By A. T. Dover, MI.LEE, A ALEE. 3
POWER STATION EFFICIENCY CONTROL. By John Bruce,

AMILEE. . 12

POWER WIRING DIAGRAMS. By AT. Dover M.LE. I: A.Amer.
I.LE.E. Second Edition, Revised . . 6

PracricaL PriMARY CELLs. By A. Mortimer Codd F.PhS. . 5

RaiLway ELEcTrIFICATION. By H. F. Trewman, AMI.LEE. 21

SaGs aND TENsIONs IN OVERHEAD LINEs. By C.G. Watson,
M.LE.E. . 12

STEAM TURBO-ALTERNATOR THE By L C. Lxrant A.M. 1 E. J:, 15
STORAGE BATTERIES: THEORY, MANUFACTURE, CARE, AND
ArpLICATION. By M. Arendt, E.E. . . 18
STORAGE BATTERY PrRACTICE. By R. Rankin, B. Sc M. I E. E 7
TRANSFORMERS FOR SINGLE AND MULTIPHASE CURRENTS By
Dr. Gisbert Kapp, M.Inst.C.E., M.LE.E. Third Edition,
Revised by R. O. Kapp, B.Sc. . . . 15

TELEGRAPHY, TELEPHONY, AND WIRELESS

AutoMaTIC BrRANCH ExcHANGEs, Private. By R. T. A.

Dennison . 12
AUTOMATIC TELEPHONY, RELAYS IN, By R W Palmer

AMIEE. . 10
BAuDOT PRINTING TELEGRAPH SYSTEM. By H. W. Pendry

Second Edition . 6

CABLE AND WIRELESS COMMUNICATIONS OF THF WORLD THF
By F. J. Brown, C.B,, C.B.E., M.A,, B.Sc. (Lond.). Second

Edition . 7
CRYSTAL AND ONE- VALVE Cmcst SUCCESSFUL. By J. H.

Watkins . . 3
RaAp1o COMMUNICATION, MODERN. By J. H. Reyner, B.Sc.

(Hons.), A.C.G.I,, D.I.C. Third Edition . . . . 5
SUBMARINE TELEGRAPHY. By Ing. Italo de Giuli. Translated

by J. J. McKichan, O.B.E.,, AM.I.LE.L. . . 18
TELEGRAPHY. By T. E. Herbert M.IE.E. Fifth Edition . 20
TELEGRAPHY, ELEMENTARY. By H. W. Pendry. Second

Edition, Revised . 7

TELEPHONE HANDBOOK AND GUIDE TO THE TELEPHONIC
EXCHANGE, PracticAL. By Joseph Poole, AMIEE.
(Wh.Sc.). Seventh Edition . . 18

TeLerHONY. By T. E. Herbert, M.I. EE . 18

TELEPHONY SIMPLIFIED, AutoMATIC. By C. W. Brown,
AMIEE,, Engineer-in-Chief‘s Department, G.P.O., London 6

TELEPHONY, THE CALL INDICATOR SYSTEM IN AUTOMATIC. By
A. G. Freestone, of the Automatic Trammg School, G.P.O.,
London . . 6
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Telegraphy, Telephony, and Wireless—contd. ; ,

TeLEPHONY, THE DIRECTOR SYSTEM OF AuToMATIC. By W. E.
Hudson, B.Sc. Hons. (London), Whit.Sch., A.C.G.I. .

TeLEvVISION : To-DAY AND To-MORROW. By Sydney A. Moseley
and H. J. Barton Chapple, Wh.Sc., B.Sc. (Hons.), ACGI.,
D.I.C.,, AM.ILE.E. Sccond Edltlon

PHOTOELECTRIC CELLS. By Dr. N. L Campbell and I)orothy
Ritchie. Second Edition.

WIRELESS MaNuaL, THE. By Capt. ] Frost Third Edition

WIRELESS TELEGRAPHY AND TELEPHONY, INTRODUCTION TO.

By Sir Ambrose Fleming, M.A., D.Sc., F.R.S.

MATHEMATICS AND CALCULATIONS
FOR ENGINEERS

ALTERNATING CURRENTS, ARITHMETIC OF. By E. H. Crapper,
D.Sc. M.ILE.E. . . . .

CALCULUS FOR ENGINFERING STUDENTS By John Stoney,
B.Sc.,, AM.IMin.E. . . . . .

DEFINITIONS AND FORMULAE FOR STUDENTS—PRACTICAL
MatHEMATICS. By L. Toft, M.Sc.

ELEcTRICAL ENGINEERING, WHITTAKER'S ARITHMETIC OF.
Third Edition, Revised and Enlarged

ELECTRICAL MEASURING INSTRUMENTS, COMMERCIAL By R. M.
Archer, B Sc. (Lond.), A.R.C.Sc., M.LEE.

GLOMETRY, BUILDING. By Richard Greenhalgh, A.I. Struct.I.

GEOMETRY, ConTOUR. By A. H. Jameson, M.Sc., M.Inst.C.E.

GEOMETRY, EXERCISES IN BUILDING. By Wilfred Chew

GeOMETRY, TEsT PAPERs IN. By W. E. Paterson, M.A., B Sc.
Points Essential to Answers, 1s. In one book.

i‘EEAng Statics, ELEMENTARY, By J.T. Wight, AM.I. Mech.E.
ILOGRAMS INTO AVOIRDUPOIS, TABLE FOR TH SION OF.

Compiled by Redvers Elder. On paper .

LoGgariTHMs FOR BEGINNERs. By C. N. Plckworth Wh.Sc.
Eighth Edition

LoGARrITHMS, FIVE FIGURE, AND TRIGONOMETR[CAL I‘UNC’HONS
By W. E. Dommett, AM.I AE, and H. C. Hird, A.F.AeS.

LoGARITEHMS SIMPLIFIED. By Ernest Card, B.Sc., and A. C.
ParkiNsoN, A.C.P. Second Edition

MATHEMATICS AND DRAWING, PRACTICAL. By Dalton Grange
With Answers

MATHEMATICS, bNGINthING APPLICATION OF. By w. C
Bickley, M.Sc.

MATHEMATICS, EXPERIMENTAL. By G. R. Vme BSc
Book I, with Answers . . . . . . .

II, with Answers .

MATHEMATICS FOR ENGINEERS, PRELIMINARY. By W. S.

Ibbetson, B,Sc., AM.LE E, M.I.Mar.E. . . . .
MaTHEMATICS, PRACTICAL. By Louis Toft, M.Sc. (Tech.), and
A. D. D. McKay, M.A. . . . . .
MATHEMATICS FOR TECHNICAL STUDENTS. By G. E Hall, B.Sc.
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Mathematics for Engineers—contd.

MATHEMATICS, INDUSTRIAL (PRELIMINARY), By G. W. String-
fellow . . .
With Answers

MEASURING AND MANURING LAND AND THATCHERS WORK
TaABLEs For. By J. Cullyer. Twentieth Impression .

MEecnanicaL TaBLEs. By J. Foden

MEcHANICAL ENGINEERING DETAIL TABLES. By ]ohn P. Ross

METALWORKER’S PRACTICAL CALCULATOR, THE. By J. Matheson

MEeTRIC CoNVERSION TABLEs. By W, E. Dommett, A M.I.A.E.

MEeTrIC LENGTHS TO FEET AND INCHES, TABLE FOR THE CON-
VERSION OF. Compiled by Redvers Elder. On paper.

MiNING MATHEMATICS (PRELIMINARY). By George W. String-
fellow . . . . . . .
With Answers

QUANTITIES AND QUANTITY TAKmG ByW E Davxs Seventh
Edition, Revised by P. T. Walters, F.S.1., F.I.Arb.

SCIENCE AND MATHEMATICAL TABLES. By W F.F. Shearcroft
- B.Sc., A.L.C., and Denham Larrett, M.A.

SLipE RuLg, THE. By C. N. Pickworth, Wh.Sc. Seventeenth
Edition, Revised

SLipE RULE: ITs OPERATIONS AND DIGIT RULES THE. By A.
Lovat Higgins, A.M.Inst.C. E. . . .

SteEL’s TaBLEs. Compiled by Joseph Steel . .

TELEGRAPHY AND TELEPHONY, ARITHMETIC OF. By T. E.
Herbert, M.I.LE.E,, and R. G. de Wardt

TEXTILE CALCULATIONS. By J. H. Whitwam, BSc .

TRIGONOMETRY FOR ENGINEERS, A PRIMER oF. By W. G
Dunkley, B.Sc. (Hons.) . .

TRIGONOMETRY FOR NAVIGATING OFFICERS By Ww. Percy
Winter, B.Sc. (Hons.), Lond. , . .

TRIGONOMETRY, PrAcTicAL. By Henry Adams M.I.C.E,,
M.IM.E, F.S.I. Third Edition, Revised and Enlarged

VENTILATION, PUMPING, AND HAULAGE MATHEMATICS OF. By
F. Birks . . .

WORKSHOP ARITHMETIC FIRST STEPS IN. By H. P. Green

MISCELLANEOUS TECHNICAL BOOKS

Boor AND SHOE MANUFACTURE. By F. Plucknett .

BREWING AND MALTING. By J. Ross Mackenzie, F.C.S., I'. R M. b.

Second Edition
BuiLDER’s BUSINESS MANAGEMENT By ] H Bennetts,
A.1.O.B. . .
CERAMIC INDUSTRIES POCKET BoOK. By A.B. Searle .
CinEma Organ, THE. By Reginald Foort, F.R.C.O.
CTRICAL HoUsECRAFT. By R. W. Kenned . . .
ENGINEERING EconoMmics. By T. , B.Sc. (Hons.),
B.Com., A M.I.Mech.E, Second Edition . . .
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18 PITMAN’S TECHNICAL BOOKS

Miscellaneous Technical Books—contd.

ENGINEERING INQUIRIES, DATA FOR. By J..C. Connan, B.Sc.,
AMIEE, OB.E. . . .

ESTIMATING. ByT H. Hargrave Second Edition

FARrRADAY, MICHAEL, AND SOME OoF His CONTEMPORARIES. By
Prof. William Cramp, D.Sc., M.I.LE.E. . .

FurNITURE STYLES. By. H. E. Binstead. Second Edition

GLUE AND GELATINE. By P.I. Smith, .

GramMoPHONE HanDBOOK. By W. S. Rogers

HAIRDRESSING, THE ART AND CRAFT OF. Edited by G.A. Foan.

Hiker anp CampER, THE CompLETE. By C. F. Carr

House DEcCORATIONS AND REPAIRS. By W. Prebble. Second
Edition . . .

Mortor BoOATING. By F. H. Snoxell

Music ENGRAVING AND PRINTING. By Wm. Gamble F. R. P. S

PaPER TESTING AND CHEMISTRY FOR PRINTERS. By Gordon A.
Jahans, B.A.

PeTROLEUM. By Albert Lxdgett Third Edition

PriNTING. By H. A. Maddox

REFRACTORIES FOR FURNACES, CRUCIBLES ETC. ByA B. Searle

REFRIGERATION, MECHANICAL. By Hal Williams, M.I.Mech.E.,
M.I.LE.E., M.1.Struct.E. Third Edition

SEED TESTING. By J. Stewart Remington

STONES, PRECIOUS AND SeEMI-PRECIOUS. By Michael "Wein-
stein, Second Edition .

STORES ACCOUNTS AND STORES CON'IROL ByJ H. Burton.
Second Edition .

TALKING PIicTURES. By Bernard Brown B.Sc. (Enc )

TEACHING METHODS FOR TECHNICAL TEACHERS. By ] H.
Currie, M.A., B.Sc., A M.I.Mech.E. .

PITMAN'’S TECHNICAL PRIMERS

Each in foolscap 8vo, cloth, about 120 pp., illustrated
In each book of the series the fundamental principles of
some subdivision of technology are treated in a practical
manner, providing the student with a handy survey of the
particular branch of technology with which he is concerned.

ABRASIVE MATERIALS. By A. B. Searle.

A.C. PROTECTIVE SYSTEMS AND GEARs. By J. Henderson, B.Sc.,
M.C,, and C. W. Marshall, B.Sc., M.I.E.E.

BELTs FOR POWER TRaNsMissioN. By W. G. Dunkley, B.Sc.

BoILER INSPECTION AND MAINTENANCE. By R. Clayton.

CaPSTAN AND AutoMaTIC LaTHES. By Philip Gates.

CENTRAL StATIONS, MoDERN. By C. W. Marshall, B.Sc.,
AMIEE.

CoaL CuTTING MACHINERY, LoNnewaLL. By G. F. F. Eagar,
M.I.Min.E.

ConTiNUOUS CURRENT ARMATURE WINDING. By F. M. Denton,
ACGI., A Amer.ILE.E.

Conrinuous CURRENT MACHINES, THE TESTING OoF. By Charles
F. Smith, D.Sc.,, M.I.LE.E., AM.I.C.E.
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Pitman’s Technical Primers—contd. Each 2s. 6d.

COoTTON SPINNING MACHINERY AND ITs UsEs. By Wm. Scott
Taggart, M.I.Mech.E.

DieseL ENGINE,. THE. By A. Orton, A M.I.Mech.E.

Dropr ForRGING AND DroOP STAMPING. By H. Hayes.

ELEecTrRIC CaBLES., By F. W. Main, AM.I.LE.E.

ELEcTRIC CRANES AND HAULING MAcHINES. By F. E. Chilton,
AMIEE.

Erectric FURNACE, THE. By Frank J. Moffett, B.A., M.I.LE.E.

ErecTric MoTORs, SMALL. By E. T. Painton, B.Sc., AM.LLE.E.

ELecTrICcAL INsuLATION. By W. S. Flight, AM.I.LE.E.

ELECTRICAL TRANSMISSION OF ENERGY. By W. M. Thornton,
0.B.E,, D.Sc.,, M.ILE.E.

ELECTRICITY IN AGRICULTURE. By A. H. Allen, M.I.LE.E.

ELECTRICITY IN STEEL WORKS. By Wm. McFarlane, B.Sc.

ELECTRIFICATION OF RaiLways, THE. By H. F. Trewman, M. A.

ELECTRO-DEPOSITION OF CoPPER, THE. And its Industrial
Applications. By Claude W. Denny, A M.I.E.E.

ExPLOSIVES, MANUFACTURE AND Usks oF. By R. C. Farmer,
O.B.E., D.Sc., Ph.D.

FiLtraTION. By T. R. Wollaston, M.I.Mech.E.

FouNDRYWORK., By Ben Shaw and James Edgar.

GRINDING MACHINES AND THEIR Usges. By Thos. R. Shaw,
M.I.Mech.E.

Hypro-ELECTRIC DEVELOPMENT. By J. W. Meares, F.R.A.S.,
M.Inst.CE, MI.EE, MAm.I.EE.

ILLUMINATING ENGINEERING, THE ELEMENTS oF. By A. P.
Trotter, M.I.LE.E.

INDUSTRIAL AND POowWER ALconor. By R. C. Farmer, O.B.E,,
D.Sc, Ph.D,, F.I.C.

INDUSTRIAL ELECTRIC HEATING. ByJ.W.Beauchamp,M.I.E.E.

INDUSTRIAL MoTOR CoNTROL. By A. T. Dover, M.ILE.E.

INDUSTRIAL NITROGEN. By P. H. S. Kempton, B.Sc. (Hons.),
A.R.C.Sc.

KiNEMATOGRAPH STUDIO TECHNIQUE. By L. C. Macbean.

LuBricanTs AND LUBRICATION. By J. H. Hyde.

MEecHANICAL HANDLING OF Goops, THE. By C. H. Woodfield,
M.I.Mech.E,

MEcHANICAL STOKING. By D. Brownlie, B.Sc., AM.I.M.E.
(Double volume, price 5s. net.)

METALLURGY OF IRON AND STEEL. Based on Notes by Sir
Robert Hadfield.

MunicipaL ENGINEERING. By H. Percy Boulnois, M.Inst.C.E.,
F.R.San.Inst., F.Inst.S.E.

Or1Ls, PIGMENTS, PAINTS, AND VARNISHES. By R. H. Truelove.

PATTERNMAKING. By Ben Shaw and James Edgar.

PETROL CARs AND Lorries. By F, Heap.

PHOTOGRAPHIC TECHNIQUE. By L. J. Hibbert, F.R.P.S.

PneEumaTic CoNvEYING. By E. G. Phillips, M.LLEE,
AM.I.Mech.E.
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Pitman’s Technical Primers—contd. Each 2s. 64.

PowEeR Factor CorRRECTION. By A. E. Clayton, B.Sc. (Eng.)
Lond,, AK.C,, AM.IEE.

RaADpIOACTIVITY AND RADIOACTIVE SUBSTANCES. By J,
Chadwick, M.Sc., Ph.D.

RAILWAY SIGNALLING : AuTOoMAaTIC. By F. Raynar Wilson.

RAILWAY SIGNALLING : MECHANICAL. By F. Raynar Wilson,

SEWERS AND SEWERAGE. By H. Gilbert Whyatt, M.I.C.E.

SPARKING PLuGs. By A. P. Young and H. Warren.

STEAM ENGINE VALVES AND VALVE GEARrs. By E. L. Ahrons,
M.I.Mech.E., M.I.Loco.E.

Steam Locomortive, THE. By E. L. Ahrons, M.I.Mech.E.,
M.I.Loco.E.

StEAM LocoMoTIiVE CONSTRUCTION AND MAINTENANCE. By E.
L. Ahrons, M.I.Mech.E., M.I.Loco.E.

STEELWORK, STRUCTURAL. By Wm. H. Black.

STREETS, RoaDps, aAND PaveMENTs. By H. Gilbert Whyatt,
M.Inst.C.E.,, M.R.San.I.

SwircHBOARDS, HigH TEnsioN. By Henry E. Poole, B.Sc.
(Homs.), Lond., A.C.G.I,, AM.LLE.E.

SwITCHGEAR, HicH TENsiON. By Henry E. Poole, B.Sc.(Hons.),
A.CGI, AMIEE.

SWITCHING AND SWITCHGEAR. By Henry E. Poole, B.Sc.(Hons.),
ACGI,AMIE.E.

TeLEPHONES, AutomaTic. By F. A. Ellson, B.Sc., AM.I.E.E.
(Double volume, price 5s.)

TipaL Power. By A. M. A. Struben, O.B.E., A M.Inst.C.E.

TooL AND MAcHINE SETTING. For Milling, Drilling, Tapping,
Boring, Grinding, and Press Work. By Philip Gates.

TowN Gas MANUFACTURE. By Ralph Staley, M.C.
TracTION MoTOR CoNTROL. By A. T. Dover, M.ILE.E.
TRANSFORMERS AND ALTERNATING CURRENT MACHINES, THE
TesTING OF. By Charles F. Smith, D.Sc.. A.M.Inst.C.E.
TrRANSFORMERS, HIGH VOLTAGE PoweErR. By Wm. T. Taylor,
M.Inst.C.E.,, MI.LE.E.

TRANSFORMERS, SMALL SINGLE-PHASE. By Edgar T. Painton,
B.Sc. Eng. (Hons.) Lond., AM.I.LE.E.

WATER Power ENGINEERING. By F. F. Fergusson,
CE., F.GS., F.RGS.

WiIRELESs TELEGRAPHY, CoNTINUOUs WAVE. By B. E. G.
Mittell, AM.LLE.E.

WiIReELESs TELEGRAPHY, DIRECTIVE. Direction and Position
Finding, etc. By L. H. Walter, M.A. (Cantab.), AM.ILE.E.

X-Ravs, INDUSTRIAL APPLICATION OF. By P. H. S. Kempton,
B.Sc. (Hons.), A.R.CS.
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COMMON COMMODITIES AND INDUSTRIES

Each book in crown 8vo, illustrated. 3s. net.

In each of the handbooks in this series a particular product or
industry is treated by an expert writer and practical man of
business. Beginning with the life history of the plant, or other
natural product, he follows its development until it becomes a
commercial commodity, and so on through the various phases
of its sale in the market and its purchase by the consumer.

Asbestos. (SUMMERS.)

Bookbinding Craft and Industry.
(HARRISON.)

Books—From the MS. to the Book-
seller. (Youna.)

Boot and Shoe Industry, The. (HArD-
ING.)

Bread and Bread Baking. (STEWART.)
Brushmaker, The. (Kipnigr.)

Butter and Cheese. (T1SDALE and
JONES.)

Button Industry, The. (JONES.)
Carpets. (BBINTON.)

Clays and Clay Products. (SEARLE)
Clocks and Watches. (OVERTON.)
Clothing Industry, The. (PooLk.)
Cloths and the Cloth Trade. (HuNTER.)
Coal. (W ILSON.)

Coal Tar. (WARNES.)

Coffee—From Grower to Consumer.
(KEABLE.)

Cold Storage and Ice Making.
(SPRINGETT.)

Concrete and Reinforced Concrete.
(F'WELVETREES.)

Copper—From the Ore to the Metal.
(P1cARD.)

Cordage and Cordage Hemp and

Fibres. (Wooprousg and KiL-
GOUR.)
Corn Trade, The British. (BARrker.)

Cotton. (PEAKE.)

Cotton Spinning. (WADE.)

Drugs in Commerce. (HUMPHREY.)
Dyes. (Harr.)

Electricity. (NEALE.)

Engraving. (LASCELLES.)
Explosives, Modern. (LEvy.)
Fertilizers. (Cave.)

Fishing Industry, The. (GisBs )
Furniture. (BINSTEAD.)

Furs and the Fur Trade. (Sacms)
Gas and Gas Making. (WEBBER.)
Glass and Glass Making. (Marson )
Gloves and the Glove Trade. (ELLis.)
Gold. (WHITE.)

Gums and Resins. (Parry.)

Ink. (MircsBELL.)

Iron and Steel. (Hoobn.)
Irontounding. (WHITELEY.)

Jute Industry The. (WoopnOUSE
and KILGOUR.)

Knitted Fabrics.
QUILTER.)

Lead, including Lead Pigments.
(SMYTHE.)

Leather. (Apcock.)

Linen. (MOORE.)

Locks and Lock Making. (BOUTTER.)
Match Industry, The. (Drxon.)
Meat Industry The. (Woon.)

Oils. (MITCHELL.)

Paints and Varnishes. (JENNINGS.)
Paper. (Mabpox.)

Perfumery, The Raw Materials ol
(PARRY.)

Photography. (GAMBLE.)
Platinum Metals, The. (SmiTs.)
Pottery. (NoxE and PranT.)

(CHAMBERLAIN and
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Common Commodities and Industries—contd.

Rice. (Douatras.)

Rubber. (STEVENS and STEVENS )
Salt. (CALVERT.)

8ilk, (Hoorkr.)

Soap. (Smamons.)

Sponges. (CRESSWELL.)

Starch and Starch Products. (AUDEN.)
Stones and Quarries, (Howk.)

Sugar. (MARTINEAU.) (Revised by
EASTIOR.)

Sulphur and Allied Produots. (AUDEN.)
Tea. (IBBETSON.)

Telegraphy, Telephony, and Wireless.
{PooLE.)

Textilo Bleaching. (STEVEN.)
Timber. (BULLOCK.)
Tin and the Tin Industry. (MunnEY.)

Tobacco. (TanvEr.) (Revised by
Drew.)

Weaving. (CRANKSHAW.)
Wheat and Its Products. (MiLLaR.)

Wine and the Wine Trade. (Simon.)
Wool. (HUNTER.)
Worsted Industry, The. (DumvitLe

and KERSHAW.)
Zinc and Its Alloys. (Lones.)

PITMAN’S SHORTHAND

INVALUABLE TO ALL BUSINESS AND PROFESSIONAL MEN

The following Catalogues will be sent post free on application—

SCIENTIFIC AND TECHNICAL

EpucaTtioNaL, COMMERCIAL, SHORTHAND

FOREIGN LANGUAGES, AND ART

PRINTED IN GREAT BRITAIN AT THE PITMAN PRESS, BATH
(3128w)




DEFINITIONS AND FORMULAE
FOR STUDENTS

This series of booklets is intended to provide engineer-
ing students with all necessary definitions and formulae
in a convenient form.

ELECTRICAL

By PuiLip Kemp, M.Sc., M.ILE.E., 4ssuc.4A.I.E.E.,
Head of the Electrical Engineering Department of the
Regent Street Polytechnic.

HEAT ENGINES

By ArNoLD RIMMER, B.Eng., Head of the Mechanical
Engineering Department, Derby T echnical College. Second
Edition.
APPLIED MECHANICS

By E. H. LEwrtT, B.Sc., A.M.I.Mech.E.
PRACTICAL MATHEMATICS

By Louis Torr, M.Sc., Head of the Mathematical
Department of the Royal Technical College, Salford.

CHEMISTRY
By W. Gorpon CArey, F.I.C.

BUILDING
By T. CorkHirr, F.B.I.C.C., M.I.Struct.E., M.Coll. H.

AERONAUTICS
By Jonn D. FrIer, A.R.C.Sc.,, D.I.C., F.R.Ae.S.

COAL MINING
By M. D. WitLriawms, F.G.S.

MARINE ENGINEERING
By E. Woop, B.Sc.

ELECTRICAL INSTALLATION WORK
By F. Peake SexToN, A.R.C.S., AM.LLE.E.

LIGHT AND SOUND
By P. K. Bowes, M.A,, B.Sc.

Each in pocket size, about 32 pp. 6d. net.

Sir Isaac Pitman & Sons, Ltd., Parker Street, Kingsway, W.C.2
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PITMAN’S

TECHNICAL
DICTIONARY

ENGINEERING and INDUSTRIAL
SCIENCE

IN SEVEN LANGUAGES

ENGLISH, FRENCH, SPANISH, ITALIAN,
PORTUGUESE, RUSSIAN, AND GERMAN

WITH AN ADDITIONAL VOLUME CONTAINING A COMPLETE
KEY INDEX IN EACH OF THE SEVEN LANGUAGES

Edited by
ERNEST SLATER, M.I.LE.E., M.I.Mech.E.

In Collaboration with Leading Authorities

THE Dictionary is arranged upon the basis of the English
version. This means that against every English term will
be found the equivalents in the six other languages, together
with such annotations as may be necessary to show the
exact use of the term in any or all of the languages.

‘“ There is not the slightest doubt that this Dictionary will be the
essential and standard book of reference in its sphere. It has been
needed for years.”’— Electrical Industries.

“ The work should be of the greatest value to all who have to deal
with specifications, patents, catalogues, etc., for use in foreign trade.”
—Bankers’ Magazine.

‘ The work covers extremely well the ground 1t sets out to cover,
and the inclusion of the Portuguese equivalents will be of real value
to those who have occasion to make technical translations for Portugal,
Brazil, or Portuguese East Africa.”’— Nature.

Complete in five volumes. Crown 4to, buckram gilt, £8 8s. net.

Sir Isaac PitMAN & Sons, LtD., PARKER STREET, KiNgsway, W.C.2
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