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PREFACE
TO THE FOURTH EDITION

THi1s book is not about valves but about valve-circuits. Many more
engineers and converted physicists are engaged on valve-circuits (in
telephony, radio communication, television, telemetry, automatic
control, radar, computation, instrumentation, etc.) than are engaged
in valve design and development. There is a broad measure of
disagreement, however, on the question of how much a valve-circuit
engineer should know about the inside of a valve. In one well-
known public examination, the examination paper on valve-circuits
includes questions on a wide coverage of solid-state physics and the
physics of electronic emission.

This book takes the opposite point of view, namely that there is
so much of real interest to be said about valve-circuits that a single,
very elementary chapter must suffice for valves themselves. Even
eighteen years ago (when the first edition was a slim volume which
fitted the pocket both physically and figuratively) it would have
been a masterpiece of understatement to say that enough was known
about valve-circuits to fill a book. Today enough is known to fill a
library. This book has therefore two main purposes: firstly, to
serve as a reliable guide to this wide field of knowledge and, secondly,
to teach the subject. To achieve these ends, the scope of the book
must be strictly limited to valve circuits. To extend the scope,
either by including the physics of the valve, or by including cathode-
ray tubes and all the other electron tubes which have become
important, would mean forgoing that prodigality of words which
distinguishes teaching from the skilled précis writing to be found
in the paper-starved Proceedings of professional institutions.

Electronics has become the handmaiden of almost all other
sciences. As a result many physicists and other scientists find them-
selves in need of a more thorough and detailed understanding of
valve-circuitry than could be provided by a degree-course in pure
science. It is hoped that this book will meet their need. It is hoped,
too, that it will help to dispel the idea that the valve-circuit engineer
needs a kind of intuition, a ‘‘feel’’ for circuits, which cannot be
explained or communicated. This myth persists as a result of the
habit of ad koc explanation of apparently unrelated circuits and the
failure to point out their common features of circuit-technique. For
this reason, it has been thought worth while in this book to place more
than usual emphasis on various quite simple features (the a.c./d.c.
separating circuit, earthing and screening, etc.) and to stress and
re-stress the importance of the incremental equivalent circuit.

It is impossible to exaggerate the importance of equivalent
circuits as a means of facilitating both qualitative thinking and
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vi PREFACE

quantitative analysis. In this connexion it is not only the equivalent
circuit of the valve itself which is useful, but also similar circuits
(each consisting merely of an e.m.f. in series with an impedance)
which can serve as equivalents for a valve plus its anode load
impedance, or for valve plus anode load impedance plus cathode
lead impedance.

The chief innovation in this new edition is the inclusion of a set
of problems with answers. Since the book is not directed towards
coaching students for examinations, the problems are not taken
from recognized public examination papers but are specially pre-
pared for use with this text. Many of them are very easy problems,
designed to provide the reader with a quick check on whether he
has understood the text. Among these are some trick questions
which tempt the unwary to give an answer when, in fact, insufficient
data is provided. These questions are intended as a dire warning
against various common pitfalls, arising from loose thinking. The
trick questions would lose their effectiveness if the reader were
notified of them in advance, but—on the assumption that reviewers
read prefaces and students do not—we may direct attention to
problems 8 and 16 as typical cases. There are a hundred problems
on amplifiers alone. Some of the problems are exercises in circuit
design, and some are exercises in the techniques of analysis, including
graphical methods of analysis. In the ‘“Answers’” section, short
(usually numerical) answers are given for the easy or straightforward
problems, but the more difficult problems are discussed at greater
length. In the preface to an earlier edition of this book it was
stated that one of the author’s objects was to cover all the main
types of valve circuit in such a way that the student may be in a
position to understand, or even foresee, further developments. It
has therefore been thought legitimate to include a few problems
which, in addition to serving as exercises, introduce the reader to
known circuits and techniques for which space could not be afforded
in the body of the book. For example, it is only among the problems
(and in the index) that any mention is made of the constant-current
equivalent circuit, of valve-bridges for measuring amplification
factor and mutual conductance, of the phase-shifting amplifier and of
various methods of calculation, applicable to cathode-coupled stages.

If an author does not know what is wrong with his book after
eighteen years, it can only be because his best friends are afraid to
tell him. The writer’s friends have been commendably free from
restraint and his less inhibited students have quite clearly indicated
those parts of the book which needed re-writing. A substantial part
of the revision which has gone into this new edition is directed
towards easier understanding and increased clarity. A number of
well-known oscillator circuits, described separately in earlier
editions, have been grouped together under the heading ‘‘Closed-
circuit Oscillators” and a common simple theory is now presented
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for oscillators of this class. Similarly, a new heading, “Shunt-
connected Feedback,” serves to correlate a group of circuits previ-
ously treated separately (viz. adding circuits, the see-saw circuit,
differentiating and integrating circuits using feedback).

For any author who tries to provide in one book a reliable guide
to a very large and growing field of knowledge, the main problem
is that of deciding what to leave out. The decision has been guided
by two rules: first, that space must be found for fundamental
principles, and that a class of circuits therefore deserves mention if
it introduces any new principle. The second rule is the obvious one,
that widespread use of any technique justifies devoting space to
explaining it. For both of these reasons, space has been found in
this edition for balanced modulators, the cascode amplifier, the
Foster-Seeley discriminator, the ratio-detector and (belatedly) for
the subject of rectifiers with choke-input filters. The rapid increase
in the application of digital computer circuit-techniques faces the
author with a difficulty, since even a modest review of the subject
would occupy many pages. Rather than omit the subject altogether,
a few appetite-whetting sections have been included in the chapter
on pulses and pulsed circuits, viz. sections on pulse-counting,
binary numbers, gate-circuits for digital computers, and a binary
adding circuit. A short paragraph on decibels has been added to
the introductory chapter at the beginning of the book and a short
list of suggestions for further reading is given at the end of all
chapters except the first one.

An apology is perhaps needed for the author’s non-conformity in
two respects. The first is the use of the Greek letter p for the anode
incremental-impedance of a valve, instead of the more usual r,.
The second is his dalliance with such outmoded words as “coil”” and
“condenser”’ (instead of ‘‘inductor’’ and ‘“‘capacitor’’). He will not
complain if his dalliance in this matter earns him the appellation of
‘““dallior.”

A kind friend has suggested that this book should now be scrapped
and re-written in terms of transistors. The publishers, with an ear
to the ground and an eye on the market, feel that the time for such
ruthlessness has not yet come. The suggestion, however, is not an
irresponsible one. The day is not far off when it will be more
important for an electronic engineer to have a knowledge of tran-
sistor circuitry than of valve circuitry. In the meantime it is
comforting (for teacher and student alike) to reflect that so far as
circuitry is concerned, valves and transistors have more in common
than in contrast, and that a study of either serves as a good basis
for an understanding of the other.

EMRYS WILLIAMS

UNIVERSITY COLLEGE OF SOUTH WALES AND MONMOUTHSHIRE
CARDIFF



PREFACE

TO THE FIRST EDITION

Tra1s book is based on a lecture course given by the author to
third-year students for the degree of B.Sc. in Electrical Engineering
in the University of Durham. It represents an attempt to include
in one small volume the theory of the operation and design of
thermionic valve circuits. This theory is to be found included in the
larger books on communications engineering and radio engineering,
and also, in a very qualitative form, in the semi-popular books on
wireless. But there appears to be no convenient textbook dealing
exclusively with this subject and suitable for universities, technical
colleges, and electrical engineers trained in the days before the
development of the valve.

The book assumes a knowledge of alternating current theory and
of mathematics up to the standard of a university student at the end
of his second year. For the benefit of those whose university days
are no more than a pleasant (if irrelevant) memory, the alternating
current theory used throughout the book is summarized in the
first chapter.

It will be seen that extensive references to the literature of the
subject are not given. For further reading and for the study of
specialized applications of the theory, the reader is referred to
the following—

1. Radio Engineering, F. E. Terman (many references to the
literature).

2. A Critical Review of Literature on Amplifiers for Radio
Reception, H. A. Thomas. Radio Research Board Special Report
No. 9 (H.M. Stationery Office).

3. The references to the literature published monthly in the
Wireless Engineer.

EMRYS WILLIAMS

Kmva's CoLLEGR
NEwcasTLE UPON TYNE
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CHAPTER 1

SUMMARY OF A.C. THEORY AND MATHEMATICS
REQUIRED

1. A SINUSOIDAL alternating current of peak value, I, and frequency,
f, has an instantaneous value given by

t = I sin wt
where w = 2nf.
An alternating ourrent whose instantaneous value is given by the
equation

¢ = I sin (0t + ¢)

is said to lead/lag by an angle ¢ with respect to the alternating
current I sin w¢. The quantity ¢ is the angle of phase difference
between the two alternating currents.

2. As an alternative to specifying an alternating current by an
equation, as above, or by the graph of that equation, we may com-
pletely specify an alternating current of known frequency by means
of a vector. The length of the vector will equal the peak value (or
“amplitude’’) of the alternating current, and the angle between
the vector and some arbitrarily chosen direction (usually the hori-
zontal) will equal the angle of phase difference between the
alternating current and some arbitrarily chosen alternating quantity.

The instantaneous value of the alternating current is then the
length of the projection of the vector on the vertical, the vector
being assumed to rotate anti-clockwise with angular velocity 2uf
radians per second. Hence the graph of the alternating current may
be plotted if the vector representing it is given. Clearly an alter-
nating voltage may also be represented by a vector in a similar
manner.

3. It is convenient to express a vector in the form

a + jb
where a is the horizontal component of the vector, and b its vertical
component (just as a force may be resolved into two components in
directions at right angles to each other). The symbol j is used to
prefix the vertical component.

The length of the vector, whose horizontal and vertical com-
ponents are respectively @ and b, is clearly Va? + b3. This statement
18 written

|a + jb| = Va® + b?
The length of a vector is variously known as its ‘“Modulus,”
“Numerical Value,” or ‘“Amplitude.” The angle which a vector
1



2 THERMIONIC VALVE CIRCUITS

so expressed makes with the horizontal will be tan™! b/a, jor alter-
natively 1
cog! —%
Vaie -

4. Addition, subtraction, multiplication, and division df vector
quantities expressed in the form a 4 jb, may be carried out by
assuming that j equals V' —1, e.g.

(@ + jb) (¢ + jd) = (ac — bd) + j(ad + be)

6. For sinusoidal alternating currents and voltages Kirchhoff’s
second law may be amended to read : For any closed circuit, the sum
of the vectors for the external e.m.f.’s, taken in a given direction
round the circuit, equals the sum of the products of current vectors
and impedance vectors taken in the same direction. The vectors for
the impedance of a resistance, R, an

Iy )/ inductance, L, and a capacitance, C, are
respectively, R, jwL, and 1/(jwC), where

. Rig pm 8 Re  denotes 2xf.
y@) [z] Kirchhoff’s first law may be amended
- L L to read: The sum of the vectors for the
z currents flowing to any point of a circuit

is equal to zero.
Fra. 1 Where there is mutual inductance,
M, between two circuits, 1 and 2, there
will be an additional e.m.f. vector, jwMI,, in cirouit 1, and an
additional e.m.f. vector, jwMI,, in circuit 2. For instance, in Fig. 1
(in which the coils are assumed wound in the same sense on the
same former) the vector equations are

V = (B, + joL)I, + joMI,
O = (Ry + jwLg + Z)I, + joMI,
If the coils are wound in the opposite sense (i.e. one wound clockwise

and the other wound anti-clockwise) the sign of M would become
negative in both equations. In either case the equations give

I v
1= R wiM?
Btjolh+ e Tz
Also 1, = joMIJ(R, + joLy + 2)

It is usual to express these equations in words, thus formulating
the following rules*—

(a) The primary current is the quotient of the primary voltage
and the effective primary impedance, the latter being the sum of
the true primary impedance and a term which is the quotient of
w®M? and the true secondary impedance.

* Applicable only when voltages, currents, and impedances are expressed
a8 vectors (i.e. in the j-notation).
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(b) The secondary current is the quotient of the secondary e.m.f.
(viz. joM 1)) and the true secondary impedance.

6. The rules for forming the impedance vectors (expressed in the
j-notation) for series and parallel impedances are the same as for
series and parallel resistances in direct-current circuits.

7. The procedure for determining the current in any branch of a
network when all the applied e.m.f.’s are known is as follows:
Assume vectors, I,, I,, I,, etc., for the currents in the various
branches. By applying Kirchhoff’s laws, derive a number of simul-
taneous equations. Solve these algebraically for the required
unknown, remembering that j may be taken as v/— 1 (see Vector
Algebra, below). Express the resultant vector in the form a + 3b.
The peak value of the current it represents is then V/a? + b2.

In the case where there is only one applied e.m.f., the expression for
the required current vector will be expressible in the form V/(a 4- 3b).
In this case the peak value of the current is V/Va® 4 b2, and the
current lags behind the voltage by an angle tan™! b/a.

8. The power dissipated in any circuit element, the sine-wave
voltage across which has a peak value, ¥V, and the current through
which has a peak value, f, is given by

w= V. L
V2 V2
where ¢ is the angle of phase difference between current and voltage.

The quantities P/4/2 and I/V/2 are known as the Root Mean Square
values of the voltage and current respectively. The quantity cos ¢
is known as the Power Factor.

Algebra ot A.C. Vectors
If

- co8 ¢

a+jib=c+jd
then a=¢
and b=d
|2 +3ql = vVpi 4 ¢
?+jg| _ |p+iql
r+Js|  r+7s]
(2 + jg)(r +8)| = |(» + jo)l X |(r + js)|
To express % in the form a + jb, proceed as follows—

P +Jjg_ (2 + ) (r— js)
r +3s  (r +js)(r—js)
_(pr +q8) +j(gr— ps)
r? 4 &2




4 THERMIONIC VALVE CIRCUITS
Notation and Symbols

Small letters are used to denote instantaneous values of alter-
nating quantities. Vector quantities are denoted by capital letters,
e.g. V, I. The peak value (or “numerical value,” or “modulus”) of a
vector V is denoted by |V|, where it is thought necessary to dis-
tinguish it from the vector quantity. Otherwise it is written simply
as V. Where it is thought necessary to distinguish between peak
values and r.m.s. values of sinusoidal alternating quantities, symbols
such as ¥ and V,,,, are used. Many relations between peak values
of voltages and currents are applicable also to r.m.s. values, since
V,ms ©quals P/V/2, and in such cases the capital letters are used
without either suffix or circumflex accent.

Some of the symbols used are given below in order to facilitate
reference to the equations—

p = Anode impedance of a valve.
4 = Amplification factor.
gm = Mutual conductance.
g, = Conversion conductance.
(VA) = Voltage amplification ratio.

Suffixes a, g, and ¢ are used to denote ‘“anode,” ‘“grid,” and
““cathode.”

Cyg» Cpes C,q = Inter-electrode capacitances.

The symbols V; and ¥, are used to denote the input and output
voltage vectors, respectively, of an amplifier or other valve circuit.
V, and V, denote the vectors for the alternating components of
the grid and anode voltages. When, as is most usually the case,
the input voltage of an amplifier is the only alternating voltage
in the grid circuit, ¥; and V, are identical; but it is necessary to
distinguish between them in the case of feed-back amplifiers, etc.
(See page 104.)

Thevenin’s Theorem

This theorem states that any network of linear* impedances,
having two output terminals, may be replaced by, and is equivalent
to, a single source of e.m.f. in series with a single impedance. Fig.
2 illustrates this for a particular a.c. network, but the theorem
applies to networks having steady e.m.f.’s or e.m.f.’s varying with
time in any manner whatsoever. The theorem goes on to say that
the e.m.f. in the equivalent circuit is equal to that p.d. which would
exist between the output terminals of the actual circuit when these
terminals are open (i.e. when no external circuit is connected to
them) and the impedance in the equivalent circuit is equal to that

* This excludes such non-linear elements as resistors whose resistance is a
function of the current, so that their v— graphs are non-linear.
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impedance which would be measurable between the actual output
terminals when all internal e.m.f.’s are reduced to zero. Using these
rules we can determine the equivalent circuit for any actual circuit.
For the circuit of Fig. 2 for instance, we have

Ey = VZy|(Zy + Z,) and Zy = Z,Z,)(Z, + Z,)

We know, therefore, that if any load impedance Z be connected to
the actual circuit, the current which will flow through Z will be the

+ e==== + ===
) o Iv
KA 1 ol i
2, {17 1Z!
sr" Lyd
4 : v
] ]
..... 4 - . |
Actual €quivalent

Fia. 2

same as if it were connected not to the actual circuit, but to the
equivalent circuit, i.e. we know that
1z = E/(Z, + 2) }

and V= BoZ(Z, + 2)

The quantities £, and Z, are known respectively as the Output
E.M.F. and the Output Impedance of the network. The output
impedance must not be confused with the load impedance, which
latter is the impedance connected across the output terminals,
external to the network (Z in Fig. 2). The output impedance is
‘““the internal impedance of the equivalent simple source.”

Thevenin’s theorem may be used to simplify the analysis of
networks (a.c., d.c., or pulsed e.m.f.’s). If, for example, one wishes
to determine the current through a given branch Z of the network,
one may regard that branch as a load impedance fed from the
remainder of the network, and proceed to determine the Thevenin
equivalent of this remainder. When E, and Z, have been calculated,
the current through the branch Z is given by equation (I.1).

Output impedance is an important factor where problems of
matching are concerned, and it is often necessary to determine the
output impedance of an amplifier. In such cases the above method of
determining Z; (by “looking into’’ the output terminals, with all
internal e.m.f.’s reduced to zero) may present difficulties, and the
following is an easier method. Derive an expression for the output
voltage of the network when supplying a load Z, and re-arrange this
expression until it is of the form

(L.1)

aZ
Voutput = b+ 2 .

(1.2)
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in which @ and b must each be independent of Z (since E, and Z,,
being each a property of the network in the absence of Z, are neces-
sarily independent of the load Z). The output impedance is then
given by b and the output e.m.f. by a.

The Charging of a Condenser through Resistances

If, in the cirouit of Fig. 3 (a), the condenser is initially uncharged
and the switch is closed at time ¢ = 0 (i.e. if time be measured from

/ot L
T R . f/
El e ¢ R

(@) b
F16. 3

the instant at which the switch is closed) then the values of the
current and of the condenser voltage at any subsequent time ¢ are
given by

. B
1, = 1—2 e"/""

v,=E (1 —¢HT)

where 7' denotes the product RC, known as the Time Constant.

If, in the circuit of Fig. 3 (b), the condenser is initially charged
so that v, equals F (v, being measured in the direction shown) and
if the switch be closed at time ¢ = 0, then at any subsequent time ¢

i, = 1% et
v,=E T

Both of the above cases, and also the case in which the condenser
of Fig. 3 (a) is initially charged to some given p.d., are covered by
the following general formula

v, = vy + (v; — vp)edT . . . (L3)
where v, and v, are respectively the initial and final values of v,. Also
i, = 1,eT | . . . (1.4)

where i, is the initial value of the condenser current.

Any network of resistances and e.m.f.’s can be treated by means
of equations (I.3) and (I.4) provided that it includes only one
capacitance. The capacitance branch may be regarded as the
“load”’ and then the remainder of the network can be simplified, by
means of Thevenin’s theorem, into the form of Fig. 3. The initial
value of i, may usually be calculated as the current which would
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flow if the condenser were replaced by a constant e.m.f. equal in
magnitude to the initial value of v,. In the case of Fig. 3 (a), of
course, with v, initially zero, this corresponds to substituting a short-
circuit for the condenser.

Distortion

The amplification of a voltage or current implies increasing its
amplitude without altering its waveform. Distortion of the wave-
form can take place in the following ways—

1. By the introduction of harmonics. This is known as Harmonic
Distortion.

2. If the voltage or current to be amplified is not initially sinu-
soidal, but consists of fundamental and harmonics, or if it consists
of a number of components of different frequency, then all the
components must receive the same amplification if the waveform is
to be unchanged, i.e. the amplification must be independent of
frequency. If the amplification is not independent of frequency
there is said to be Attenuation Distortion, sometimes also called
Frequency Distortion. (N.B. This does not imply that the frequency
is altered.)

3. In the case of a composite voltage, as above, the relative phase
of the components must be the same before and after amplification.
The distortion resulting when this condition is not satisfied is known
as Phase Distortion. Phase distortion is unimportant in sound
reproduction.

The above three types of distortion have been defined with
reference to the amplification of a current or voltage. Clearly, when
any alternating quantity is to be communicated and reproduced,
the same considerations apply.

Amplitude-modulated Alternating Quantities

The instantaneous value of an alternating voltage of amplitude,

P, and frequency, f, is given by

v =V sin wt

where w equals 27f. “Modulation” of the amplitude simply means
changing the amplitude. Periodic modulation of the amplitude
(which is what ‘“Modulation” has come to mean) is the regular
variation of the amplitude, to and fro, in the manner of an alter-
nating current. Fig. 133, p. 225 shows an alternating voltage with
its amplitude modulated in this way.

If the amplitude is to vary periodically between limits ¥ + 3P,
and ¥ — 87, the simplest possible expression for the amplitude is
1% + 87 sin pt. In this case the amplitude is sinusoidally modulated
at a frequency p/2w. This frequency is, of course, lower than the
original frequency, w/2w. The expression for the instantaneous
value is now

v=(V + 6Vsinpt)sinwt
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If 87 equals P, the amplitude varies between zero and 2¥. In
general we write 67 equal to a fraction, m, of P, this fraction being
known as the Depth of Modulation. This gives

v = P (1 4+ m sin pt) sin wt

Modulated alternating voltages and currents are the basis of radio
telephony. The frequencies p/27 and wf2r are known respectively
as the Modulation Frequency and the Carrier Frequency.

Frequency-modulated Alternating Quantities

Such alternating quantities have a frequency which varies from
instant to instant. In the simplest case the frequency varies
periodically about a mean value (known as the Carrier Frequency)
the periodic variations taking place at a lower frequency (known
as the Modulation Frequency). For instance, if the frequency is to
vary periodically between limits f, + df and f,— 8f, a simple
expression for the frequency at time ¢ would be

f =1+ of cospt

where p/27 is the modulation frequency. The quantity 4f is
known as the Fregquency Deviation, and corresponds to the modula-
tion depth in amplitude modulation.

The rotating vector (see page 1) which denotes an alternating
quantity rotates with an angular velocity equal to 27 times the
frequency. Thus the vector denoting a frequency modulated
alternating voltage rotates with a velocity given by

w = 2, + of cos pf

The angular position reached by such a rotating vector after time
t is clearly given by

6=J’wdt

=2 f,t+2"'"f

The instantaneous value of the a.lterna.ting voltage, being the pro-
jection of the vector upon the vertical, is thus given by ¥ sin 6, i.e.

v = P sin [27r_f‘t 6f sin pt]

sin pt

Decibels

It is sometimes more convenient to give the logarithms of numbers
instead of referring to the numbers themselves, either because one
is dealing with numbers which range from small up to very large
values (the logarithm of a million, to base ten, is only six) or because
some logarithmic law is involved, e.g. the law relating the physical
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intensity of a sound to its ‘“loudness’” as adjudged by a human
being. The voltage-gain of an amplifier (i.e. the ratio of its output
voltage, V,, to its input voltage, V,) is a quantity which is often
expressed logarithmically, for both of the above reasons. The phrase
used is that ‘““‘the amplifier has a voltage-gain of so many Bels,” the
number of Bels being calculated as 2 log;o(V,/V,). The factor, 2,
arises from an earlier usage in which this particular mode of expres-
sion was reserved exclusively for the logarithms of power ratios or
energy ratios.

The decibel is a unit which is one-tenth the size of a Bel. Thus
to calculate the voltage-gain of an amplifier in decibels one merely
takes 20 log,o(V,/V,). Clearly, voltage-gains of 10, 100, 1,000,
correspond respectively to 20 dB, 40 dB and 60 dB. A doubling of
voltage, i.e. a voltage-gain of 2, corresponds almost exactly to
6 decibels. Frequent reference is made to ‘“‘three decibels,” which

corresponds to a voltage ratio of /2, because of the convention
which associates a ratio of V2 with “cut-off”’ (see page 44).



CHAPTER II
THE THERMIONIC VALVE

A THERMIONIO valve, or thermionic vacuum tube, consists of two or

more electrodes in an evacuated space. One of the electrodes (that

known as the cathode) is maintained at a high temperature. Valves

with two, three, four, five, six, etc., electrodes are known respectively
as Diodes, Triodes, Tetrodes, Pentodes, Hexodes, etc.

Hot bodies emit electrons,

which are particles of negative

CY’,’}',:’”"“'/\ -H,"/,/.,/sg,”u,g,d electricity. In the thermionic
ode pace valve the function of the hot
X cathode is to emit electrons,

Spiral of _| EF Gless Lavelope.  gnd there is another electrode
Wire Forming e - known as the Anode whose
z | Filament function it is to collect the

z Support electrons. Thus positive elec-

Filament 5 tricity flows through the valve
Diectry from anode to cathode, and
Heated Cathod | Giass Pincs” ~ Teturns to the anode by way of
the external circuit connecting

anode and cathode, setting up

various useful voltages in this

“anode circuit.” In general,

Wires thermionic valve circuit theo:
may be said to be the deter-
mination of the currents and

F1a. 4. DmrecTLy HeEaTED TRIODE vVoltages in the anode circuit

from a consideration of the
properties of the valve in conjunction with well-known alternating
current circuit theory.

A diode has only a cathode and an anode. A triode has in addition
an electrode known as a Grid, usually in the form of a mesh of wire
or metal gauze interposed between cathode and anode; through this
grid the electrons must pass. The anode is usually maintained at a
positive potential with respect to the cathode, in order to attract the
particles of negative electricity. The potential of the grid with
respect to the cathode will clearly affect the flow of electrons.
Another external circuit, known as the Grid Circuit, is connected
between grid and cathode, its function being to control the flow of
electrons, and thus the current in the anode circuit, by controlling
the potential of the grid with respect to the cathode. A tetrode has
two grids, a pentode has three, and so on.

The cathode of a thermionic valve may be heated directly, by

10
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constructing it in the form of a wire or filament and passing direct
current through it; or it may be indirectly heated by means of a
very small electric heater in contact with it inside the evacuated
space. Fig. 4 is a drawing of a rather old fashioned triode. Modern
triodes use improved methods of supporting the electrode structures.
Fig. 5 shows the symbols used to represent various valves in

— la Ano de
v +
a -
" + Cathog’e__
Heater —/
DIRECTLY HEATED INDIRECTLY HEATED
DIODE DIODE
Anode
Grid
Cathode
Heater -~
DIRECTLY HEATED
TRIODE INDIREC ;ﬁ, )I,O gEE_A TED

Fra. 6

Note that in the case of the directly heated valves the grid and anode voltages
are measured from the negative end of the cathode

drawing circuit diagrams. Fig. 5 also shows the conventional
direction of measurement of anode-voltage, v,, anode-current, i,
grid-voltage, v,, and grid-current, 1,.

Thermionic Emission
The rate of emission of electrons from a hot body depends on the

temperature and on the nature of the body. It can be shown that
the rate of emission, n, is given by

n= AT . . . . (IL1)

where 4 and b are constants and 7' is the absolute temperature.
The cathode of a thermionic valve does not lose at this rate,
however, unless the electrons are removed (by being drawn off
to the anode), for the electrostatic field of the electrons in the space
around the cathode will repel electrons back into the cathode as fast
as they are emitted. Thus the rate of departure of electrons from the
cathode is usually less than n, being equal to the rate at which
electrons are drawn off by the anode. The electrons in the space
around the cathode are spoken of as a Space Charge.
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Diode-characteristic

The curve showing how the anode-current of a diode varies with
variation of the anode-voltage is known as the Characteristic of the
diode, and may be determined experimentally using the circuit of
Fig. 6. Fig. 7 shows a typical characteristic. Note that—

(a) When the anode-voltage is negative no anode-current flows,
for the anode then repels the electrons.

(b) The anode-current increases with the anode-voltage, slowly
at first and more rapidly for greater values of anode-voltage. This

L e e -
Milliammeter H 5. ace Charge Saturation
[N
< .
3 lg
0
3
<
Cathode
Heating
Battery Anode Voltage
Fi1a. 6 F1a. 7. CHARACTERISTICS
Note. The cathode heating battery is or Diobe

often omitted from circuit diagrams

part of the curve is often referred to as the space-charge-limitation
region. The relation between anode-voltage and anode-current may
be deduced from the consideration that the anode-current resulting
from the application of a given anode-voltage will be such that the
resultant electrostatic field at the cathode due to the anode and the
space charge (ie. the negative charges in transit from cathode to
anode) will be zero. A greater current (i.e. more electrons in transit)
would give a negative field at the cathode, which would decrease
the total number of electrons leaving the cathode per second, i.e.
it would reduce the anode-current to a value at which the resultant
field at the cathode was zero. Similarly a smaller anode-current
would increase to this equilibrium value. The relationship has been
deduced mathematically for simple geometrical systems of anode
and cathode, and shown to be

e . . . . (1LY

(¢) As the anode-voltage is increased still further the current
becomes asymptotic to ¢, = ¢,, where i, has the value n electrons
per second as given by equation (IL.1). This indicates that the
anode-voltage is sufficiently great to draw off electrons as fast as
the cathode can emit them. This state of affairs is known as
Saturation, and ¢, is known as the Saturation Current.
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Diode Connected to A.C. Generator

Fig. 8 shows the result of connecting a generator of sinusoidal A.C.
across & diode. Note that—

(a) Current flows only during the positive half-cycle of v,, so that
the resulting current is unidirectional but pulsating. The production

Time

Time

Fi1a. 8

of unidirectional current from alternating current is known as
Rectification.

() The waveform of the current pulses is not the same as the
positive half of a sine wave. Had the diode-characteristic been a
straight line passing through the origin, this would have been so.
Thus, curvature of the diode-characteristic causes distortion of the
waveform. This is the first example, of many which we shall meet,
of distortion caused by curvature of the characteristics of a valve.

Triode-characteristics
The anode-current of a triode depends on both the anode-voltage
and the grid-voltage, and the set of curves showing how the

HFm.O

anode-current varies with each of these is known as the Character-
istics of the triode. Fig. 9 is the circuit used for determining the
characteristics experimentally, and will be seen to consist of a
battery and potentiometer for applying & variable positive voltage
to the anode, a battery and potentiometer for applying a variable
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voltage, either positive or negative, to the grid, together with
instruments for measuring v,, v,, and ¢,. The procedure would be
to keep v, constant at a chosen value, and to observe the variation
of ¢, with v,. This would then be repeated for other values of v, and
a set of curves of 3, against v,

V=250 // il would be drawn. Fig. 10shows
/1 2 typical characteristics. An

/ V4 alternative procedure would

/ Va*200 / 3 clearly be to keep v, constant
/ 15 at a chosen value, and to

observe the variation of %,
with v,, repeating for other
values of v,. In this case the
characteristics could conveni-
» ently be plotted as in Fig. 11.
e S [%a=50 The two sets of curves (Figs. 10
{ ] and 11) give exactly the same
- — ~ 07 information, plotted in a
vg (Volts) different way, and, given one
Fie. 10 set, the other set may easily

be drawn. For some purposes

it is convenient to express the characteristics in one form (i,/v, for
various fixed values of v,) and

for other purposes in the - //
other form (¢,fv, for various / /

h

S,

f U150

L N
SN
\La L(M////aw

\

/
fixed values of v,). The two % Q y
forms are sometimes referred / N /‘/ / /
to as the ‘‘Anode-character- 15 / A
istics” (Fig. 11) and the /5
‘“Mutual-characteristics” / /

(Fig. 10). See also page 358.
The characteristics indicate

T
that, as for the diode, no - / / y /

5
anode-current will flow if the /' /
anode-voltage is negative, and
also that the anode-current 0 50 00 7 00 50

la (Milliamps)

increases smoothly with in- Yy (Volts)
creasing anode-voltage. The Fre. 11
anode-current is seen also to .

. . . N . The figure attached to each curve indicates the
increase with increasing grid- value of v, for which it applies

voltage. This is because when
the grid is positive it produces an electrostatic field at the cathode
which adds to that of the anode.

Thus, for a given anode-voltage, the force attracting electrons
from cathode towards grid and anode may be increased by increas-
ing the positive grid-voltage. This increases the number of electrons
per second setting out from the cathode. When these electrons reach
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the grid they have a velocity sufficient to carry most of them through
the spaces between the grid-wires. Nearly all these electrons thus
proceed to the anode; the grid collects hardly any. Similarly, a nega-
tive voltage on the gnd will reduce the field at the cathode, thus
reducing the anode-current. If the negative grid-voltage be made
sufficiently large the anode-current will be seen to be completely
cut off. The magnitude of the cut-off value of grid-voltage is much
smaller than the anode-voltage; this is because the grid is much
nearer the cathode than is the anode, and thus its effect on the
electrostatic field at the cathode is greater. The ratio of the anode-
voltage to that negative grid-voltage which just suffices to cut off
anode current gives a measure of the relative effectiveness of grid-
voltage and anode-voltage in controlling the anode-current. (See
“Amplification Factor,” page 19.)

As in the case of the diode there is a maximum number of electrons
per second which the cathode can emit, so that there is a Saturation
effect. (The maximum number of electrons which the cathode can
emit per second depends, as we have seen, on the temperature of
the cathode, but in the operation of thermionic valves the tem-
perature of the cathode is kept constant.)

There is another characteristic of the triode which is sometimes
of interest, namely, the curve indicating the variation of the grid-
current, ¢,, with variation of grid-voltage. In shape this is similar
to Fig. 7, being very nearly zero for v, negative. The values of ¢, will
be very much smaller than those of 3, since most of the electrons
pass through the grid.

A.C. Generator Connected in Grid Circuit of Triode

In the most commen applications of the triode the anode-current
is made to vary periodically by the connexion of an alternating
voltage in the grid circuit, as in Fig. 12.

Thus the grid circuit is often referred
to as the Input Circuit and the anode +
circuit referred to as the Qutput Circuit. Vsin' we !

If the voltage of the a.c. generator ' °"_“ L
be sinusoidal, as in Fig. 13, then we may
plot the variation of ¢, with time by Fre. 12
reference to the characteristics of the
valve in question. If these are as shown in Fig. 10, we have simply
to select the curve corresponding to the anode-voltage in Fig. 12, and
from it determine the value of i, corresponding to any given value
of v,. The lower dotted curve of Fig. 13 shows the anode-current
for a small alternating voltage, and the full curve for a large
alternating voltage. Note that—

(@) The application of the alternating voltage adds an a.c. com-
ponent to the existing d.c. component of 3,.

(b) If the applied alternating grid-voltage is small enough to

la
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involve only the more nearly linear (i.e. straight) portions of the
characteristics, the resulting a.c. component of #, is nearly sinusoidal
(as dotted curve). If the amplitude of the applied A.C. is large,
however, the curvature of the characteristics causes waveform
distortion (as full curve).

There is another possible source of waveform distortion. During
the positive half-cycles of the applied voltage, grid-current will flow.
Its waveform will be very much as shown in Fig. 8. Unless the a.c.
generator has zero internal impedance, this grid-current, in flowing

g 3
(Volts) 2
{, Time
; Steady Anode
la Cw-/?nt (4 mA)
j Ture

Fia. 13

through the generator, will set up distorted voltages across the
internal impedance. Since the grid-voltage will be the sum of the
generator voltage and these distorted voltages, there will be wave-
form distortion of the output current quite independently of the
distortion mentioned in (a) above. This could be prevented by
connecting in series with the generator in the grid circuit a steady
negative voltage (e.g. a battery). If this ‘“‘bias voltage” were made
greater than the peak voltage of the generator, then », would never
become positive and no grid-current would flow. Fig. 14 shows the
circuit, and the resulting curves of », and 1.

The Triode Amplifier (Choice ot Operating Voltages)

The triode amplifier will be discussed at length at a later stage,
but it may be said here that the basic principle of the valve amplifier
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is the inclusion of & high resistance or impedance in the anode
circuit, so that when the alternating voltage, which it is desired to
amplify, is applied in the grid circuit the resulting alternating
current in the anode circuit shall produce an alternating voltage
across this resistance or impedance which is larger than the
alternating voltage applied in the grid circuit.

The anode battery and grid battery voltages (E, and E,, Fig. 14)
are chosen so as to avoid waveform distortion, i.e. 80 that—

(a) The grid-voltage shall never become positive.

(b) Only the more nearly linear portions of the characteristics
shall be traversed.

Condition (z) means that the minimum negative £, which may
be used is equal to the peak voltage of the A.C. to be amplified.
Condition (b) will be considered in more detail later.

] Time

= /N__|_j%

Vsmuwt ! a NA._37

- .
&g la

I

Time
Fig. 14

Supply Voltages : Nomenclature

Where batteries are used, E, and E, may be referred to as the
anode-battery and the grid-battery voltages, but they are more
generally spoken of as the High-tension voltage and the Grid-bias
voltage—abbreviated to h.t. and g.b.

Equation of Linear Portions of Triode-characteristics

To formulate an analytical theory of the operation of the triode
(i.e. to express its performance in terms of algebraic equations,
instead of making all calculations graphically) we must derive an
equation for the relation between v,, v,, and %,, hitherto expressed
only in the form of a series of curves. Since only the more
nearly linear parts of these curves are normally called into play in
the operation of the valve, we shall assume that the characteristics
are a set of straight lines having the same slopes and being displaced
horizontally by the same distances as the more nearly linear parts
of the curves. We observe that the slopes (e.g. in Fig. 10) are about
the same, i.e. that the curves are parallel. Moreover, we see that for
a set of curves as shown in Fig. 10 (i.e. with values of v, equally
spaced) the horizontal distances between the curves are equal.
Thus, we may re-draw the characteristics as in Fig. 15.

The equation of any one of the lines may be written

Gp=av,+b . . . . (IL3)
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where b, the intercept on the axis of i, has a different value
for each straight line of the set, i.e. b depends upon the anode-
voltage v,. Since the lines are

la equally spaced for equal incre-

far | Vaz  flbas lae ments of v,, b will be a linear

function of v,, and may be written
b= CV, +d
Substituting this in equation (IL.3)
R i¢=c(v¢+gvn)+d
/ / 364 “cip, td c
Y9

If v, and v, be changed simul-

taneously by amounts dv, and dv,

Fia. 15 (not necessarily small), then so

long as only the more nearly linear

parts are used, we may find the change in ¢, by substitution of the
values v, + &v, and v, + dv, in the above equation. This gives

61',:6(60,—}-%.60,) . . . (IL4)

Now év, and v, represent the changes of the grid- and anode-
voltages over and above their steady values. In an amplifier,
where both grid- and anode-voltages consist of the sum of a steady
component and an alternating component, év, and dv, may be used
to represent the alternating components of grid- and anode-voltages,
so that the vector equation relating the corresponding alternating
currents and voltages will be

1,=c(v,+§v,) ... (LB)

In this equation a and ¢ are constants for the valve. The equation
is usually written

I,=%(V,+pV,) .. . (Le

Parameters ot the Triode

The constants u and p in the above equation, and their ratio u/p
(written g¢,,), are known as the Parameters of the triode. Clearly
only two of these three constants are necessary to define the
characteristics, but each of the three will be seen to have a special
significance. They are named as follows—

MurvuAL CONDUOTANCE, ¢,,

This quantity will be seen to be the rate of change of ¢, with v,, if
v, (upon which ¢, also depends) remains constant. Thus, the mutual
conductance is the slope of the more nearly linear parts of the
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curves of 1, against v, (i.e. curves as in Fig. 10). Typical values of
gm for small valves are from 1 milliamp per volt to 10 milliamps per
volt, sometimes expressed as from 1 to 10 millimhos.

VarLve IMPEDANCE, p

The rate of change of ¢, with v,, if v, remains constant, will be seen
to be 1/p. Thus the impedance of the triode is the reciprocal of the
slope of the curves of s, against v, (i.e. curves as in Fig. 11). Clearly,
if an a.c. generator were connected in the anode circuit and the
grid-voltage were kept constant, the impedance presented to the
generator would have this value, p.

Typical values of impedance for triode valves range from 2,000
to 100,000 ohms. Another name for Valve Impedance is ‘“‘Anode
Incremental Resistance.”

AMPLIFICATION FACTOR, u

An increase of anode-current may be caused either by an increase
of anode-voltage or by an increase of grid-voltage. The amplification
factor may be considered to be the ratio of the increments of anode-
voltage and of grid-voltage which separately cause the same increase
of anode-current. Perhaps it is better to consider the anode-voltage
decreased by an amount dv,, and the grid-voltage simultaneously
increased by just such an amount as will keep the anode-current
constant (say, dv,). Then u is the numerical value of the ratio
dv,f/ov,. Mathematically it 18 minus the ratio of the simultaneous
small tncreases in v, and v,, the anode current remaining constant.
We may summarize the above as follows—

i,
Im = aT'
v,
=73 . . . (IL7)
B = 20
T T,
I = ufp . (11.8)

Typical values of 4 for triode valves range from 5 to 100.

Measurement of the Parameters

There are special circuits for direct measurement of the para-
meters of a valve, but the most obvious method of determining them
is to plot the characteristics and estimate the parameters therefrom.

The mutual conductance may be estimated as the slope of the
curves of ¢, against v,. In practice these curves will not be linear,
nor will the curves for different values of v, be quite parallel. For
small valves, manufacturers usually state the value of the slope for
an anode-voltage of 100 volts and a grid-voltage of zero. That is,
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g i8 taken as the slope at v, = zero of the curve for which v, = 100
volts.

Similarly, the impedance may be estimated as the reciprocal of
the slope of the curve of ¢, against v, for a grid-voltage of zero, the
slope being measured where v, = 100 volts. The amplification
factor may then be found by multiplying the values obtained for
gm and p.

The Screen-grid Tetrode

The diode may be thought of as a two-terminal cirouit element
which may be connected in series with other circuit elements. The
triode may be thought of as a four-terminal device with input and
output terminals, the input terminals being the grid and cathode,
and the output terminals being the anode and cathode. The screen-
grid valve has two grids; the grid nearer the cathode plays exactly
the same part in the operation of this valve as the grid plays in the
operation of the triode, and is therefore known as the Control Grid.
The other grid, known as the Screen-grid, is not a part either of the
input circuit or of the output circuit, but acts merely as a sort of

. auxiliary electrode by means of
Screen Grad Milliammeter ~ Which, as we shall see, the shape
of the characteristics can be

Control Grid. ] an |
adjusted. Thus, no a.c. circuits
- T are connected to the screen-grid.
=1 ' The tetrode is usually operated
- H with the screen-grid maintained
- T at a potential somewhat lower

than that of anode, e.g. by con-

necting this grid to a tapping on

Vo/tmeters the h.t. battery (as in Fig. 16).

Fia. 16. Cirourr ¥or Measvrva 1he internal resistance of this

CHARACTERISTICS OF SCREEN-grID battery is small, so that so far

VaLve a8 alternating voltages are con-

cerned the screen-grid is short-

circuited to the cathode. (Where other methods of applying the

steady positive potential are used, it is usual to connect a fairly

large condenser between screen-grid and cathode, this condenser

being of so low a reactance at the frequency of the A.C. that it
is virtually a short-circuit. See p. 74.)

The characteristics of a screen-grid valve may be measured in
just the same way as for a triode (circuit as Fig. 16), the screen-grid
voltage being kept constant at the value at which the valve is
intended to operate. Fig. 17 shows typical characteristics. Com-
paring these with Fig. 11, which shows the corresponding character-
istics for a triode, the following differences will be noticed—

(a) The curves rise steeply from the origin instead of rising slowly
at first and then curving upwards.
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(b) Over a certain range of anode-voltage %’- is negative, and

a
thus its reciprocal, the impedance of the valve, is negative, an
increase of v, causing a decrease of ¢,.

(c) For higher anode-voltages the curves rise again and flatten
out. That this is not a saturation effect follows from the fact that
the curves do not tend to a common maximum value (as would be
the case if the anode were collecting electrons as fast as the cathode
could emit them).

Secondary Emission

Before proceeding to discuss the reasons for (a), (b), and (c) above,
it must be pointed out that thermionic emission (i.e. the emission
of electrons from a hot body) is not the only source of electrons in a
thermionic valve. The positively-charged anode attracts electrons
to it, and the impact of each of these electrons with the anode may
result in the emission of several electrons from the material of the
anode. This is known as Secondary Emission. It occurs in triode
valves, but there the secondary electrons all return to the anode.
In the screen-grid valve, however, there is a positively charged
screen-grid near the anode, to which the secondary electrons may be
attracted—depending on whether the anode or the screen-grid is
the more positive.

The part of the characteristics for which, as mentioned in (b)
above, the slope is negative, has values of anode-voltage less than
the value of screen-grid voltage. Thus, most of the secondary
electrons will be collected by the screen-grid and will not return to
the anode. The effect of an increase of anode-voltage in these
circumstances is to increase two things: first, it will increase the rate
at which electrons reach the anode from the cathode ; and, secondly,
it will increase the rate of secondary emission, i.e. the rate at which
electrons leave the anode for the screen-grid. Since each primary
electron may cause the emission of several secondary electrons from
the anode, the rate at which electrons leave the anode will increase
more rapidly than the rate at which they arrive at the anode, and
the anode-current will thus decrease as a result of an increase of
anode-voltage. If the secondary emission is sufficiently profuse the
anode current may even become negative for a short range of anode-
voltage values.

For values of anode-voltage higher than the screen-grid voltage
the secondary electrons will return to the anode. For low values
of anode-voltage there is little secondary emission. In both of these
cases an increase of anode-voltage will cause an increase of anode-
current.

The reason for the steeply rising initial part of the curves is that
even when the anode-voltage is zero there is a positive electrostatic
field at the cathode due to the screen-grid. This will bring electrons

2—(T.205)
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to the vicinity of the anode and, as the anode-voltage increases, an
increasing number of these electrons will be drawn off by the anode
instead of being collected by the screen-grid. The flattening out of
the curves at higher values of anode-voltage is due to the fact that
the screen-grid shields the cathode from the effect of the anode, so
that changes of anode-voltage cause comparatively small changes
in the number of electrons leaving the cathode per second. That
this flattening of the curves is not due to saturation is obvious from
the fact that the different curves do not flatten out to the same
value of anode-current.

We are, however, more interested in the effect of these character-
istics on the performance of the valve than in the reasons for their

Vg;.ﬁ/:.fr;? Zy: NN
R\
AN
L'

Ya

lq

!
]

YBe &
F1G. 17. CHARACTERISTICS OF SCREEN-GRID TETRODE

being shaped as they are. Let us compare the values of correspond-
ing parameters in the triode and the screen-grid valve.

Parameters of the Screen-grid Valve

In view of the irregular shape of the curves of i, against v, it
would seem, at first sight, impossible to quote a single value for the
impedance of the valve (i.e. the reciprocal of the slope of these
curves). But, since, in the more common uses of the screen-grid
valve, only the portions of the curves to the right of the dotted line
in Fig. 17 are traversed, we may consider only these parts of the
curves.

Since the slope of the curves in this region is very small the
impedance of the screen-grid valve is very large. Valve-impedances
greater than a megohm are quite common. The control-grid of the
screen-grid valve, however, controls the anode-current just as in a
triode, and the value of the mutual conductance of a screen-grid
valve is similar to that of a triode. Hence, the amplification factor,
being the product of the impedance and the mutual conductance, is
much larger than that of a triode. Values of y greater than 1,000
are quite common.

There are certain other applications of the screen-grid valve which
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make use of the downward sloping part of the characteristics; these
are mentioned in Chapter V under the heading, ‘“Dynatron Oscil-
lator.”

It is interesting to note that the screen-grid was originally
introduced not with the object of modifying the shape of the
characteristics, but in order to provide electrostatic screening
between the anode and control-grid. This matter is discussed in
Chapter IV,

The Pentode

If a third grid be added to the screen-grid valve, being placed
between the anode and the screen-grid, and being connected directly
to the cathode, the valve becomes the well-known Pentode. Since
the potential of this grid is negative with respect to the anode, the
secondary  electrons ;5
emitted by the anode

will be repelled by it T °
and will return to the 70 —— 2N
anode without ever g, S -3 g
reaching the screen- — 14

grid. Thus, the down- §
ward sloping part of
the characteristics is
eliminated by the in- o 50 700 750 200
troduction of this U, (Volts)
Suppressor Grid, as it
is called. This means
that the alternating anode-voltage may be greater for a pentode
than for a screen-grid valve, without encroaching on the less linear
parts of the characteristics. Otherwise the pentode is similar to the
screen-grid valve, having high values of amplification factor and
impedance. The external connexions also may be similar to those
of the screen-grid valve, since the suppressor grid is often connected
to the cathode within the valve. Typical characteristics of a pentode
are shown in Fig. 18. See also Fig. P-3, page 360.

The suppressor grid is made of fairly open mesh, for otherwise
(being at cathode potential) it might prevent primary electrons
from ever reaching the anode.

F1G. 18. CHARACTERISTICS OF PENTODE

Gas-filled Valves

When the space between the anode and cathode of a diode con-
tains gas, then the electrons emitted by the cathode and travelling
towards the positive anode are liable to collide with molecules of
the gas. If at the time of the collision an electron has sufficient
velocity, and therefore sufficient kinetic energy, it may ionize the
molecule with which it collides, i.e. the kinetic energy of the electron
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will be used to remove an electron from the gas molecule, thus
splitting the molecule into two parts—a further electron and a
molecule lacking an electron. The latter is known as a positive ion.
The amount of kinetic energy required to split off an electron
from a gas molecule depends only on the nature of the gas. Thus
for a given gas there is a given electron velocity which ts necessary
before sonization by collision can occur.

Electrons travelling from cathode to anode within a diode derive
their acceleration from the positive anode-voltage. As they proceed
towards the anode their velocity increases, and they strike the
anode (unless they have previously collided with a gas molecule)
with their maximum velocity. For small anode-voltages, even
this maximum velocity may be less than that required to produce
ionization by collision, but as the anode-voltage is increased a
point will be reached when electrons (not having previously collided)
are reaching the neighbourhood of the anode with a velocity suffi-
cient to cause ionization of any gas molecule with which they may
collide. For lower anode-voltages than this value, the gas-filled diode
behaves very much as an ordinary hard (i.e. high vacuum) diode, but
when this voltage i3 reached tonization of the gas occurs and the behaviour
changes abruptly.

The effect of ionization is twofold. First, the positive ions travel
towards the cathode—slowly, because their mass is so much greater
than that of an electron. Their presence in the space between anode
and cathode cancels the effect of the space charge, and the anode-current
rises to a value equal to the whole electron emission of the cathode.
Second, the movement of the additional electrons and of the
positive ions, under the influence of the anode voltage, further con-
tributes to the anode-current. If there were a really profuse pro-
duction of further electrons and positive ions (e.g. if the anode-
voltage were so high that an electron travelling from cathode to
anode was very greatly accelerated and also if the gas pressure
were sufficient for a greatly increased number of collisions to take
place) the rise of anode-current might be sufficient to cause an arc,
with resulting damage to the valve.

At atmospheric pressure the molecules of a gas are so crowded
together that an electron has not far to go before colliding with a
gas molecule—and in this short distance it does not acquire suffi-
cient kinetic energy to produce ionization by collision unless
exceedingly large anode-voltages are used (and then the ionization
is so profuse that damage to the valve is certain to take place).
Ionization by collision may be brought about with normal anode-
voltages by using very much lower gas pressures so that the electron
has further to move before colliding with a gas molecule, and can
acquire sufficient kinetic energy in this time. The gas pressures
used in practice are of the order of a few millionths of an atmosphere,
and at such pressures only a few parts in 102 of the space are actually
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occupied by gas molecules (though there are millions of them in
this small space) so that most of the electrons from the cathode -
reach the anode without a collision. Near the end of their path,
however, the electrons have sufficient kinetic energy to cause
ionization if they do collide with a gas molecule, and those that do
8o produce positive ions and further electrons, with the resulting
cancellation of the space charge and sudden rise of anode-current.

Now the potential difference between two points is defined as
the work done on unit charge moving between those two points.
The work done on an electron in moving from cathode to anode is
thus v,e, the product of the anode-voltage and the charge on an
electron. All this work becomes kinetic energy of the electron.
Thus, if the kinetic energy of an electron near the end of its path is
required to be sufficient to cause ionization by collision, and since the
energy required to ionize a gas molecule is a constant for the gas,
it follows that the anode-voltage must be at least a certain value
and that this value i3 a constant for the particular gas and is inde-
pendent of the dimensions of the valve. This voltage is known as the
Ionizing Potential of the gas. For mercury vapour it is 10-4 volts,
and for neon 21-5 volts.

The same argument applies for a gas-filled triode (often known
by the trade name, ‘“Thyratron”)—a minimum anode-voltage is
required to cause the sudden rise of anode-current. It might appear
that, as above, this minimum anode-voltage is a constant for the
gas and independent of everything else, including the grid-voltage.
But it must be remembered that the grid-voltage, if sufficiently
negative, may altogether prevent the passage of electrons to the
anode (see page 15) and if there are no electrons there can be no
collisions of the type discussed. For any given negative grid-voltage,
therefore, the anode-voltage must not only be at least equal to the
ionizing potential for the gas, but must be sufficiently large to
overcome the repulsion by the grid of electrons as they leave the
cathode. Thus the critical value of the anode-voltage does depend
upon the grid-voltage. The characteristics of a gas-filled triode
are usually measured by observing, for several values of negative
grid-voltage, the critical anode-voltage necessary to produce the
sudden rise of anode-current which denotes that ionization by
collision is taking place, and plotting critical anode-voltage against
negative grid-voltage. The slope of the resulting graph is known
as the Control Factor of the valve, and is approximately equal to the
amplification factor of the same valve if without gas.

Just as the positive ions resulting from the ionization neutralize
the space charge, so also they neutralize the effect of the negative
grid-voltage while ionization continues. The positive ions around
the grid sufficiently screen it from the cathode for the grid-voltage
to be completely unable to affect the anode-current. Thus once
tonization has taken place it cannot be made to cease by tncreasing
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the negative grid-voltage, but only by decreasing the anode-voltage
below the ionizing potential of the gas.

Some of the applications of gas-filled triodes are discussed in
Chapter V.

Suggestions for Further Reading

This book is about valve circuits and not primarily about valves.
This introductory chapter is intended to provide a minimum of
background information about valves themselves. Readers wishing
to know more of the physics background or of the construction of
valves are referred to Electronics by P. Parker (Edward Arnold).



CHAPTER III
AMPLIFIERS

Tax principle of the valve amplifier has already been stated. The
anode circuit is completed through an impedance (referred to as the
Load) and, of course, through the h.t. supply. The alternating
voltage to be amplified is connected in the grid circuit, the effect of
this being to introduce an alternating . R
current in the anode circuit, which, in
flowing through the load impedance, pro-
duces a voltage greater than the original E
voltage. A 4
The load may take various forms. Fig.19 £, T
shows a circuit with the usual resistive ;
load, R. Clearly the potential difference ¥rc- 19 g“sm AurLIFIER
across R will be the sum of a direct and an moorE
alternating voltage. The methods by which the alternating voltage
alone is tapped off for use or for further amplification will be
considered later in this chapter.

Graphical Determination of Steady Anode-current

To determine the steady anode-current in the circuit of Fig. 19
we observe that the anode-current, ,, is a function of v, and v,, but
that this last quantity, v,, is now no longer an independent variable,
but is related to the anode-current by the equation

v, = B, — Ri,

where E, is the h.t. voltage. This equation, together with the
relationship of ¢, with v, and v, expressed in the characteristics,
enables us to determine the value of i, for any value of v,. Since the
relation between ¢,, v,, and v, is in graphical form, the calculation
is, of course, a graphical one.

First, the characteristics are plotted in the form of a series of
curves of 1, against v,, each curve being for a single value of »,. The
graph of the equation
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