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SUMMARY

The authors discuss the main features in the geometrical
design of the types of valve in common use to-day and the
various factors, mechanical and chemical, which impose
limitations in manufacture. The minimum tolerances to
which it is possible to reproduce characteristics are indicated.
The paper includes a brief historical survey of the recent
improvements in thermionic emitters and gives details of the
precautions necessary in the production of modern highly
efficient oxide-coated cathodes and insulated heaters.

Pumping and activation processes are described, and the
main factors affecting the life of a valve are discussed. The
last section of the paper deals with some of the limitations
encountered in the use of valves, such as hum, microphony,
noise, and frequency limitation, and the methods of mini-
mizing these factors are given. The authors conclude with
some observations on possible future developments.

INTRODUCTION

During the past 10-15 years, the efforts of valve
manufacturers have been directed towards increasing
the efficiency of receiving valves by the development of
special types for specific purposes, and towards the
improvement of the characteristics of valves by modifi-
cations in the mechanical design, improvements in
thermionic cathodes, and a close control of the properties
of materials used for electrodes and insulators. A study
of the causes and methods of reducing “ noise " has also
received considerable attention.

The fluctuating demand for valves of different types
makes it difficult for the valve manufacturer to plan
production in advance over long periods and so to
ensure that continuity which is desirable in any mass
production. Developments in radio-receiver design are
continually calling for new types of valve and for
modifications to existing valves, and the manufacturing
plant must be sufficiently flexible to allow changes to
be effected rapidly. In spite of this, however, the
enormous increase in production and improvements in
technique during the past 10 years have led to consider-
able reductions in manufacturing costs with the result
that a modern complex valve, such as, for example, a
triode hexode with an indirectly heated cathode, is sold
at approximately the same price as was a simple triode
with a filamentary cathode in 1924.

Until about 1924 the only type of valve in common use
was the triode with a filamentary cathode. These
valves were designed with high or low amplification
factor and impedance according to the particular position
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in the receiver in which they were required to operate.
Provided the cathode was capable of giving sufficient
emission, and the grid current, with the grid at a negative
potential with respect to the cathode, was not more
than a few microamps., the valve was “ good.” Output
valves were in general required to generate only a few
milliwatts, sufficient to load a pair of headphones,
although it is true that there were some high-priced
valves capable of delivering several watts for loud-
speaker use. Owing to the limitations inherent in
loud-speakers at that time, and to the poor character-
istics of intervalve transformers, the amount of distortion
introduced by the valve itself was relatively unimportant.-

In 1916 Siemens and Halske* patented a tetrode
valve in which a fourth electrode in the form of a grid
or ‘“ protective net "’ was interposed between the control
grid and anode, and operated at a fixed positive potential
with respect to the cathode. The object of this *“ pro-
tective net’” was to prevent the field near the cathode
from being influenced by changes in the potential of
the anode.

In the Schottky tetrodet the fourth electrode did,
in fact, provide slight electrostatic screening between
anode and control grid, but it was not until after A. W.
Hull} had suggested the introduction of a close-mesh
screen electrode in order to reduce the feed-back of
alternating potentials on the anode to the grid, which
resulted in serious interference between output and
input circuits at high frequencies, that the screen-grid
could be used for high-frequency amplification.

The introduction of a fourth electrode operating at
a positive potential introduced secondary-emission
difficulties hitherto absent from receiving valves. In
1926, the Philips Lamp Co. of Holland§ described two
methods of suppressing the secondary currents between
anode and screen: (@) by removing the anode to a
sufficient distance from the screen, and (b) by the intro-
duction of an open-meshed grid in order to reduce the
space potential between screen and anode. This second
alternative, the Pentode valve, was used in the first
instance only as a low-frequency output valve, but more
recently high-frequency pentode valves—differing from
output pentodes in the degree of screening between
anode and control grid—have been used as high-frequency
amplifiers and detectors.

In order to enable the output of a receiver to be
adjusted to any desired level without distortion when

* See Reference (1). t Ibid.,(2).  § Ibid., (3), (4).  § Ibid., (B).
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402 BENJAMIN, COSGROVE,
receiving strong or weak signals, screen-grid and high-
frequency pentode valves having a variable mutual
conductance (variable-mu) depending on the control-
grid bias were later introduced.* There are several
possible methods of obtaining the required characteristic,
but the one now universally adopted is to vary the
pitch of the control-grid winding or to introduce gaps
in the winding so that over a small length of the cathode
surface the grid has little effect on the field. The
‘““ tail” of the anode-current/grid-voltage characteristic
is modified as shown in Fig. 1. The required shape of
the variable-mu characteristic depends to some extent
on the particular circuit in which the valve is to be
used, and in practice a compromise must be effected
between high control ratio and the maximum permissible
anode current at zero grid bias and the maximum grid
bias obtainable in the circuit. These conditions havirg
been decided, the actual design of the grid is a matter
of trial and experience.

Diode valves, which were until recently used only as
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power rectifiers for a.c. mains supply voltages, are now
frequently employed as high-frequency detectors and,
by a suitable arrangement of circuits, for automatically
controlling the grid bias on variable-mu valves so that
the output from the receiver can be kept at a substan-
tially constant level. These applications have resulted
in the introduction of further types, such as double
diodes, double diode triodes, and double diode pentodes.

The rapidly increasing popularity of the super-
heterodyne receiver, which is becoming even more
extensively employed in short-wave reception, has led
to the introduction of improved forms of frequency-
changers by means of which it is possible to obtain a
much greater conversion conductance and greater
stability than was possible in earlier forms of valves.
The most recent types include hexodes, heptodes,
octodes, and double valves such as triode pentodes and
triode hexodes.

It is not within the scope of this paper to describe the
many circuits used in conjunction with various types of
valves; the authors’ object is rather to outline the main
features in the design of the valves, and to indicate the

* See Reference (6).
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limitations met in practice. For this purpose it is
necessary to consider the types in more detail.

DIODES
(a) Power Rectifiers
The principal requirements in a power rectifier are
a low impedance when the anode is at a positive potential
with respect to the cathode, so that the voltage across
the rectifier shall be small compared with that across the
external circuit, and a high impedance when the voltage
is reversed.
If we consider the simple case of a cathode of circular
section surrounded by a cylindrical anode, the space-
charge-limited anode current is*

t = p (approx.) 0)]
where [ is the length of the system, and
a 2 a\? 11 a\3
w o 2 = 2(1 -) _( -) . 2
B =log c 5( ad c + 120 g c @

a and c being the radii of anode and cathode respectively.
V, is the positive potential of the anode with respect to
the cathode, and K is a constant.

It therefore follows that the impedance may be
reduced by increasing I or decreasing af2. In directly-
heated cathode valves (filamentary cathodes) the cathode
length can be made large, and little difficulty is experi-
enced in reducing the voltage-drop across the rectifier.
It is, of course, important that, when the filament is in
the form of a VV or W, the limbs of the filament shall
be sufficiently far apart to act independently of one
another. In practice, this means that the distance
between limbs shall be at least twice the distance between
anode and filament. Directly-heated rectifiers, how-
ever, possess the disadvantage that the heating-up time
is usually shorter than that of the indirectly heated
valves in the set, with the result that the rectifier is
open-circuited for a few seconds each time the receiver
is switched on, and excessive voltages are developed
across condensers. Indirectly-heated rectifiers are there-
fore necessary in some cases. In indirectly-heated
valves, it is difficult to obtain a long cathode, and it is
therefore necessary to make the cathode-anode clearance
small. There is, however, a limitation (apart from the
purely mechanical problem) in the value to which this
distance can be reduced, since, as the anode surface is
reduced, although the energy of the arriving electrons
falls owing to the lower impedance, the temperature
rises owing to radiation from the cathode. If the
temperature of the anode becomes excessive, it will
emit electrons when the anode voltage is reversed, since
with oxide-coated cathodes some barium will have been
deposited on the anode during activation of the cathode.
Apart from the effect of this reverse current on the
output of the rectifier, the cathode surface will rapidly
be destroyed by bombardment of high-voltage electrons,
and the valve become “ soft.” To keep the temperature
of the anode as low as possible, its surface is usually
carbonized by a heat treatment in a hydrocarbon
atmosphere, thus increasing its thermal emissivity.

® See Reference (7).
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Another method which has been employed to reduce the
impedance is to include between the anode and cathode,
and close to the cathode, an electrode in the form of a
grid which is connected to the anode. In this way the
system behaves as a diode with an effective anode
diameter slightly greater than that of the grid. Most
of the energy is, however, dissipated in the outer
electrode, which may now be quite large.

In a recent publication* Aldous has shown that, in
a rectifier feeding a resistance load shunted by an
infinite capacitance, the following equations express
quite accurately the values of the power dissipated in
the anode (P), the output voltage (V), and the peak
anode current (Ip,z), as functions of the peak input
voltage (E) and output current (I).

For a single-phase half-wave circuit,

P.—1-62 Kt
E—V=194K gt
Imar. — 2-71 KYEH1
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anode and cathode,

and, for a biphase half-wave circuit,
P=1-14 K84
E—V=131K i
I'maz. = 1-61 Kt

where K is the rectifier constant in the equation for the
static characteristic of the rectifier, i = K V.

From these equations, the valve designer is able to
estimate the cathode emission required and the minimum
dimensions of the anodet for a given rectifier.

(b) Detector Diodes

In the approximate expressions given above, the initial
velocities of the electrons and the contact potential-
difference between cathode and anode were neglected.
The effect of taking into account these factors is shown
in Fig. 2. Curve A shows the three-halves power-law
relationship of equation (1), curve B shows the effect of

; See Refer]ence (8).

The total power dissipated in the anode is, of course, P + aP,, where
is tl::‘e‘ ,Fmpg:;mn of the cathode power (P,) absorbed by the anode an‘d may b:
as as 0-8.
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the initial velocities of electrons, and curve C the further
effect of the contact potential-difference v between
cathode and anode. Expressions have been derived by
Schottky,* Fry,t and Langmuir} for curve C, but these
need not be considered here. It will be apparent that
the value of v is important in determining the character-
istic of a detector diode which operates at very low
values of anode potential. A change in the nature of
the surface of the anode, an alteration in treatment of
the cathode during pumping and activation, or the
presence of gas, will affect the degree of contamination
of the surface of the anode, and may change its contact
potential by as much as 2 volts. A close control of all
these factors is necessary to ensure reproducible results
and stability during operation.

TRIODES

It is not possible to calculate with any great accuracy
the characteristics of small receiving valves of given
dimensions or, conversely, to determine the dimensions
necessary to give any required characteristics. This is
due to such factors as end effects, lack of axial symmetry
of the electrode system imposed by mechanical consider-
ations and, in most valves, the well-known phenomenon
Inselbildung, which is due to the fact that the electric
field in the neighbourhood of the cathode surface is not
uniform along its length.

By making certain assumptions, however, formulae
have been obtained by several workers for plane and
cylindrical electrode systems (the former is, of course,
a limiting case of the latter) and, although only approxi-
mate, these are useful in determining qualitatively the
effects of the various electrode dimensions and operating
conditions on the characteristics of the valve.

Vogdes and Elder§ deduced the following expression
for the amplification factor (i) of a triode in the form
of a cylindrical system of electrodes, end effects being
neglected :—

2mnb log? — log cosh 27np
0

= log coth 27rnp @
where a is the radius of the anode, b is the radius of the
grid,.p is the radius of the grid wires, and n is the number
of turns of the grid per cm. In practice, the second
term of the numerator is negligible compared with the
first term, and we have

 2mnb log (a/b)

(o —— 4
® log coth 27rnp )

The value of the space-charge-limited current (in amps.)
flowing to grid and anode is given by the well-known
expression||

. 1447 x 10-8 [V, + u(Vy + v)7)¢
t= . (b)
bﬁz 1+ pu
where [ is the length of the cathode, V, is the potential
of the anode relative to the cathode, V, is the potential

of the grid relative to the cathode, v is a small voltage
correction which takes into account the contact potential-

t Ibid., (10).
|| 1bid., (13).

* See Reference (9).

t Ibid., (11). § Ibid., (12).
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difference between grid and cathode and the initial
velocity of the electrons (a function of the cathode

temperature), and
11 (lo b)‘
120\ %) -

b and ¢ being the radii of grid and cathode respectively.
When the grid is sufficiently negative to prevent

electrons passing from cathode to grid, ¢ is the anode

current, and the mutual conductance g,, is given by

% 3{1-47 x 10-8 x [V, + p (¥, + v]* }(e)

b 2 b\?
B =10~ 5(1o8;) +

In =3y, " 2 B + p):
and the anode impedance is
. =P 2682 (1 + ! )

Im 3 x 1-47 x 10-3[V, + p(V, + 9]}

It therefore follows that, for a given value of u, the
impedance may be reduced and mutual conductance
increased by increasing the length of the cathode andfor
reducing bf2.

In directly-heated filament valves a high mutual
conductance and low impedance may be obtained by
employing a long filament system, the upper limit being
determined by the emission per unit length of filament
necessary to ensure that the anode current is space-
charge-limited, and by other factors which will be
considered in a later part of this paper. In indirectly-
heated cathode valves, where it is not possible to employ
long cathodes, the mutual conductance is increased by
reducing the grid-cathode clearance.

In high-amplification-factor triodes, the upper limit
of mutual conductance is set by the minimum value to
which it is possible to reduce the grid-cathode clearance

without risk of excessive variations in characteristics,
" due to accidental variations in this parameter, and by
the degree to which it is possible to control the contact
potential-difference between grid and cathode, uv being
comparable with V, [equations (5) and (6)].

In low-impedance triodes for output stages of a
receiver, the limiting factors are different. The contact
potential-difference between grid and cathode is relatively
unimportant, since V, is large compared with uv. There
is a mechanical limitation to the minimum size of the
grid wires (p) which can be employed, and minimum
values to which it is permissible to reduce grid-cathode
and anode-grid spacings without risk of grid emission
and excessive anode temperature. Further, it is not
possible to reduce n indefinitely, since as the ratio
of grid pitch (1/n) to grid-cathode clearance increases
Inselbildung becomes more serious, and affects the shape
of the anode-current/anode-voltage curve at high anode
voltages. This reduces the efficiency of the valve by
limiting the maximum undistorted output obtainable.
Fig. 3, in which the mutual conductance at constant
anode current is plotted against grid pitch, shows the
effect of Inselbildung in some experimental valves. As
mentioned earlier, this phenomenon is present to some
extent in nearly all receiving valves; but in low-
impedance valves, where unfortunately its effect is most
serious, it is most marked, and the manufacture of an
indirectly-heated-cathode power output triode is only

AND WARREN: MODERN

possible by the use of extremely fine wires for the grid
together with a very small clearance between the grid
and anode.

The maximum theoretical efficiency (ratio of output
watts to anode dissipation) of an ideal triode, having
zero impedance, would be 50 per cent. In practice,
owing to the limitations mentioned above, the maximum
efficiency obtained—even with directly-heated cathode
valves—is only about 25 per cent. By using a pair of
valves in push-pull it is possible to increase the efficiency
since the second-harmonic distortions of the two valves
neutralize one another, and lower-impedance valves
together with low load impedance can be employed.
An efficiency of 40 per cent can in this way be obtained.
The efficiency can be still further improved by allowing
the grid potentials of the valves to become positive over
part of each cycle. From the point of view of the valve
itself, the fact that an electron current is flowing to the
grid introduces new problems in manufacture.

Greater precautions are necessary in pumping the
valve to ensure that the grid is really gas-free, as, other-

J
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Fig. 3.—Effect of grid pitch on mutual conductance.
Cathode diameter 2-1 mm,, grid diameter 3-3 mm,, E, = 0, I, = 8-0 mA.

wise, this gas will be liberated by electron bombardment
when the grid is positive and will * poison ”’ the cathode.
Further, since the grid is hotter than in a valve operating
with no grid current, primary electrons may be emitted;
and, although the input circuit of the valve is designed
to deliver power to the grid circuits, a large increase in
grid emission would be serious.

TETRODES

Expressions giving the various characteristics of
tetrodes (and pentodes) in terms of electrode dimensions
and potentials have been calculated for simple electrode
systems, but in practice these are of even less value to
the valve designer than the equations for the triode,
owing to the complex design of the electrodes and the
effect of secondary emission. It will, however, be
obvious that since the anode is screened from the grid,
and therefore from the cathode, its dimensions and
potential will have little effect on the anode current and
mutual conductance of the valve compared with cathode,
grid, and screen dimensions, and it is the design of these
electrodes which is most important in determining the
characteristics.

Tetrode valves may be divided into two classes:
(a) high-frequency amplifier and detector valves, and
(b) low-frequency output valves.
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(a) Screen-Grid Valves
The principal requirement in these valves is that the
screen shall reduce the capacitance between anode and
control grid to a very low value (0-001-0-01 uuF).
In practice, this is achieved by making the screen from
sheet metal surrounding the grid as far as possible, with

Anode terminal
Grid terminal

Screen

V0T

apertures covered by very fine mesh opposite the region
of the cathode-grid system from which electrons are
escaping. The screen is usually provided with one or
more skirts which extend to the walls of the bulb, so
that the screening can be completed outside the valve.
The anode is designed to have as small a surface as is
possible without unduly increasing the space charge
between screen and anode. Two designs of screen-grid
valve are shown in Fig. 4.

The general shape of the characteristic curves (Fig. 5)
is well known. When the anode potential is lower than
that of the screen, secondary electrons pass from anode
to screen, thus reducing the anode current below, and

Fig. 4.—Screen-grid valves.

/—-‘————Anode current
\ ,‘--""f"'—-‘t"aﬁe—iithmmndaryemissicn

\\______k___ A
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Anode potential, volts

Screen current

Anode and screen currents, mA
—_ N W A
z

Fig. 5.—Screen-grid valve characteristics.

increasing the screen current above, the values which
they would have if secondary emission were absent.
When the anode potential is above that of the screen,
the secondary electrons flow from screen to anode, thus
increasing the anode current and decreasing the screen
current. With modern oxide-coated cathodes, screen
and anode surface become contaminated with barium
from the cathode (the actual layers having a complex
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BaO, O, Ba structure), which increases the secondary-
emission coefficient considerably, and the phenomenon
of a negative screen current (when the ratio of the
number of secondary electrons flowing from screen to
anode to the number of primary electrons from cathode
to screen is greater than unity) is quite common. It will
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Fig. 6

1. Clean molybdenum. 3. Clean carbonized nickel.

la. Barium on molybdenum. 3a. Barium on carbonized nicke},
2. Clean graphite (aquadag). 4. Clean lJampblack.

2a. Barium on graphite (aquadag). 4a. Barium on lampblack.

be noted that the higher the secondary emission from
the screen, the higher the mutual conductance of the
valve, which is in fact a secondary-electron multiplier.
Unfortunately, the secondary emission is extremely
difficult to control, and is dependent not only on the
degree of contamination of the surface but also on its
mechanical nature.

The secondary emission of clean and contaminated
surfaces has been studied in the G.E.C. Laboratories,
and Fig. 6 shows the effect of depositing barium from
a barium-oxide cathode on various substances. The

Ez-O
10} |
L
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g [
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: —
100 200 300 400

Anode potential, volts

Fig. 7.—Variable-mu screen-grid valve designed for screen
at 30 volts.

difference between colloidal graphite (aquadag) and
lampblack is particularly interesting, the secondary
emission of the fo¥mer being approximately the same
as for a metal, whereas the value for lampblack is only
about one-third that of a metal. Screen-grid valves have
been made with carbonized screens in an attempt to
reduce the spread in characteristics between valves,
and during life. Another method of reducing the
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secondary emission is to lower the screen potential, the
grid-screen clearance being reduced in order to maintain
the characteristics. Anode-current curves of a screen-
grid valve in which the screen was designed to operate
at 30 volts are shown in Fig. 7

Fig. 8.—Space-charge distribution between screen and anode
of tetrode (at low anode voltage).-

(b) Low-Frequency Tetrodes
In low-frequency tetrode valves the capacitance
between anode and grid is less important than in high-
frequency valves, and the screen can be a much more
open structure. The secondary emission from the

e N~y

I

Fig. 9.—Tetrode with carthed plates to suppress secondary
emission,

screen is therefore less. For a tetrode to be an efficient
output valve, the secondary emission between anode
and screen must be suppressed. This can be done in
either or both of two ways: (a) by so designing the anode,
or by making the distance between anode and screen

X
T T TTT T Fins on
s ___ 1. anode
[ L1{]l | {Finson
anode

X

Fig. 10.—Tetrode with fins on anode to suppress sccondary
emission,

so large, that the space charge produces a potential
minimum between anode and screen: andfor (b) by
making the distance between screen and grid small,
and the screen an open structure so that a potential
minimum is produced outside the screen by the grid,

AND WARREN: MODERN

which is always at a negative or zero potential. Most of
the secondary electrons possess low initial velocities, so
that provided the space-potential minimum is a few
volts lower than that of the screen or anode (whichever
has the lower potential) secondary electrons will return

2007
s

100

Space potential,volts

Ey P £a
=G S F A
*Eq Distance from cathode

(Y

Fig. 11.—Dotential distribution in tetrode with fins on anode
(at low anode voltage).

to the electrode from which they emanate.  In practice,
unless the distance between anode and screen is very
large, since the electrodes are not axially symmetrical,
the density of electrons in the neighbourhood of the
support wires (sce Fig. 8) is small even when the anode
current is high, so that although there may be a potential
minimum in the region A there is no potential minimum
at B and secondary eclectrons can pass freely between
anode and screen. Bull* has suggested a method of
overcoming this difficulty by arranging the electrodes
in the way indicated diagrammatically in Fig. 9. The
anode AA is in the form of two segments of a cylinder,
and BB are two additional electrodes operated at zero
or negative potential to concentrate the electron stream
between the boundaries enclosing the angle o. An
alternative design which has been used in tetrodes
designed to operate at relatively low anode and screen

/:',,l
g
-~
=
3
2 |
8 |
3 |
A ] Ey
: ‘
¢ G S A
.Ey Distance from cathode

Fig. 12. —DPotential distribution in tetrode with small
clearance between grid and screen.,
1. Anode potential higher than screen potential,

)

2. Anode potential lower than screen potential.

potentials is shown in Fig. 10, fins F being provided
inside the anode. The potential varies from cathode to
anode along the plane XX in the way indicated in
Fig. 11, and most of the secondary electrons from the

* See Reference (14).
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anode surface will be prevented from escaping by the
potential minimum at P, or will be trapped by the fins.

It will be noticed that condition () mentioned above
necessitates an increase in grid-anode capacitance, but
this increase, if small, is not a serious disadvantage in
output valves. The potential variation from cathode
to anode is illustrated in Fig. 12; and the characteristics
of a valve designed so that conditions (a) and (b) were
satisfied are shown in Fig. 13.

The complete suppression of secondary emission in a

tetrode is not an easy matter, particularly in valves
designed to operate at high anode and screen potentials,
and by far the most common method of suppressing the
secondary electrons is by the inclusion of a suppressor
grid—as in the pentode valve.

PENTODE VALVES

Pentode valves may be divided into two main classes:
high-frequency valves, in which the screening between
anode and grid is important; and low-frequency valves,
in which the principal requirement is high output
efficiency. The latter class will be considered first.

E; =0
70 L ¢

E 60 1

£ 50 ' £g=-4

o 1

540 : Ey=-8
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———— ; N
100 200 300 400

Anode potential, volts

Fig. 13.—Characteristics of tetrode with large anode-screen
and small grid-screen clearances.

(a) Output Pentodes

The general shape of the anode-current/anode-voltage
curve of an output pentode is well known, and is shown
in Fig. 14, the secondary emission ‘‘ kink ” in the curve
which is characteristic of most tetrodes having been
removed by the suppressor grid. The anode and
suppressor-grid potentials have little effect on the field
near the cathode surface, and therefore on the anode
current and mutual conductance, which are functions
of the cathode-grid-screen design and potentials in the
same way as, in a triode, these characteristics depend on
the cathode-grid-anode design and potentials. The
amplification factor of the valve is, of course, the product
of the amplification factors of the anode-grid, anode-
screen, and anode-suppressor grid systems. The design
of the suppressor grid, which can only be decided by
trial for any particular valve, is most important in
determining the shape of the ‘“ knee ”’ of the curve. If
the pitch of the suppressor-grid spiral is too small, the
minimum space potential in the neighbourhood of the
suppressor grid will have a slightly negative value
relative to the cathode when the anode potential is low,
and primary electrons will fail to reach the anode, with
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the result that the anode-current characteristic will be as
shown in Fig. 15, curve (a). If, on the other hand, the
pitch of the suppressor grid is too large, then at low anode
potentials some of the secondary electrons will reach the
screen, and the anode-current characteristic will be as
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- Fig. 14.—Characteristics of pentode.

in Fig. 15, curve (b). In either case it will be obvious that
the maximum undistorted output will be limited, and, in
designing the suppressor grid, its optimum dimensions
must be determined by trial.

The pitch of the screen-grid spiral also affects the shape
of the characteristics, and here a compromise must be
effected between an open structure which allows the
potential of the anode to affect the field near the cathode,
thus reducing the anode impedance and limiting the
output [Fig. 15, curve (¢)], and a close structure which
will result in excessive screen current. The pitch of the
screen-grid also affects the ‘“ knee’ of the anode-
currentfanode-voltage curve in another way. The dis-
persion of the electron paths through the screen-grid
depends on the pitch of this grid,* being smallest when
the pitch is small. It will be obvious that, the smaller
this dispersion, the lower will be the anode voltage
necessary to draw all the electrons passing through the
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Fig. 15.—Effects of modifications to design of suppressor-
grid and screen-grid in a pentode.

screen to the anode, and consequently the better the
‘“ knee "’ to the characteristic curve.

It might be expected at first sight that the limitations

alieady mentioned in connection with indirectly-heated
® See Reference (15).
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cathode triodes would also be encountered in the design
of output pentodes. This, however, is not so; for the
p value of the grid-screen system need not be very low,
since the output efficiency is less dependent on this
factor than it is on the anode impedance of a triode.
Further, Inselbildung, which is a function of the anode
potential in a triode, is independent of the anode potential
in a pentode.

(b) High-Frequency Pentodes

The principal difference between high- and low-
frequency pentodes is, as in the case of tetrodes, in the
anode-grid capacitance. A high anode impedance is
usually desirable in the high-frequency pentode, and this
characteristic is fortunately complementary to a high
degree of screening.

For convenience in manufacture, and also in order to
keep the screen current as low as possible, the screen is
usually made in the form of a close-wound grid, and the
screening at the ends of the electrodes is completed by
a skirt or skirts attached to the suppressor grid.

Although not usually designed for use with a control
voltage on the suppressor grid, the high-frequency
pentode can be used in this manner.* As the potential
of the suppressor grid is made more negative, the anode
current is reduced and screen current increased, and at
the same time the anode impedance is reduced. With
a suppressor grid having a very open pitch, however, the
control on the anode current by this grid is poor, and
it is natural that grids having a closer pitch should have
been employed to improve this control. This led to the
development of hexodes, heptodes, and octodes, which
are designed specifically for the control of the anode
current by two separate grids. These will now be
described, and the action of the second control grid will
be briefly considered.

HEXODES, HEPTODES, AND OCTODES

These may be divided into two classes, depending on
the particular use for which they are designed rather
than on a fundamental difference of principle.

The first class, including hexodes and certain heptodes,
consists essentially of a high-frequency pentode in which
the pitch of the third grid is reduced in order to obtain
a good control of the electron stream, and to which a
screen is added between this grid and the anode to over-
come the variation in anode impedance mentioned above.
The heptodes in this class have, in addition, a suppressor
grid between this second screen and the anode. The main
use of these valves is for frequency-changing in super-
heterodyne receivers, the signal voltage being applied
to the inner control grid (which usually has a variable-mu
characteristic) and the oscillator voltage (derived from
a separate source) being applied to the outer control grid.

The design of the cathode, control grid, and screen
section is essentially the same as in a high-frequency
pentode. The action of the second control grid, however,
is different from that of the grid of a triode. Whereas
in the triode space charge is an essential intermediary in
the relationship between anode current and grid poten-
tial, it is the potential distribution in the plane of the
outer control grid which mainly determines this relation-

® See Reference (16).
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ship in the case of the hexode (or heptode). The
electrons leave the inner screen with a high velocity,
and whether or not a particular electron or group of
electrons will reach the anode (and outer screen) or
return to the inner screen depends on the position of
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Fig. 16.—DPotential distribution in hexode.

(a) Potential distribution between the two screens.

(b) Potential distribution in plane of second control grid.
A. Control-grid potential zero.

B. Control-grid potential negative.

the electron paths relative to the second control-grid
wires, the space-potential distribution in the neighbour-
hood of this grid, the deflection of the electron paths by
the inner screen, and the initial velocity of the electrons
as they leave the cathode. The calculation of the
dimensions of the second control grid from theoretical
considerations is not in practice possible, but a general
picture of the action of the grid can be obtained from
Fig. 16, which represents the potential distribution
(a) between the two screens of a hexode, and also (b) in
the plane of the second control grid. The maximum
anode current will be obtained with approximately zero
potential on the control grid, space charge being small;
and the anode current, when this grid is at a negative
potential, will depend on the effective potential in the

grid plane. This latter is given by Schottky’s formula,*
namely
DV, + V, + RV,
Vg = —/—F——
1+D+R
Cathode

/ Oscillator grid
Oscillator anode

First screen
Signal grid
Second screen
Anode

Fig. 17.—Electrode arrangement in heptode.

where D is the Durchgrifft of the outer electrodes (anode,
outer screen, and suppressor grid, in a heptode) through
the grid, and R is the Ruckgrifft of the inner electrodes
through the grid. It is clear, therefore, that close
spacing between these electrodes and high voltages tend
to lower the control of the second control grid.

® See Reference (2).
t * Durchgriff " and ‘‘ Ruckgriff ** are the reciprocals of the amplification
factors of the grid-outer screen and grid-inner screen systems respectively.
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The second class of heptodes, together with octodes,
differ from the above chiefly in that they contain an
additional electrode at a positive potential between the
inner control grid and screen, the inner triode system
being used as an oscillator to modulate the electron
stream. The outer control grid in these valves, which
usually has a variable-mu characteristic, is used for the
signal input. The control action of the additional
electrode (triode anode) on the electron stream must be
less than that of the inner grid, as otherwise the resultant
modulation of the electron stream will be low (in the
limiting case, if the control of the oscillator electrodes
were equal, equal and opposite voltages would leave
the electron stream constant). For this reason, and also
to reduce the interaction between the second control
grid and the oscillator, the oscillator anode is usually
in the form of two wires parallel to the cathode which
may even be placed between the support wires of the
inner grid and screen (Fig. 17). In this case, the oscil-

Fig. 18.—Double pentode.

lator anode current is mainly the result of secondary
emission from the screen.

MULTIPLE VALVES

The design and manufacture of multiple valves does
not introduce any fundamentally new principles, such
valves being made mainly for the convenience of set
manufacturers, and it will only be necessary to refer
to these types briefly.

Double output valves (triodes and pentodes) for
push-pull operation with or without positive grid drive
merely consist of two separate valve-assemblies mounted
side by side on a single pinch (Fig. 18). Precautions are
necessary in the design of these types to ensure that
there is no mutual control between the two electrode
systems, such as would occur if the anodes were made of
mesh or if electrons escaped from the ends of the elec-
trodes, and that the temperatures of the electrodes do
not become excessive owing to heat radiated from one
system to the other.

In double diode triodes, the anodes of diodes, which
only require a small total emission to satisfy their
characteristics, are usually mounted at the end of the
cathode nearer the pinch, and the grid of the triode,
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screened from the diode anodes, is connected to a cap
at the top of the bulb (Fig. 19).

The triode hexode, which is used as a combined
oscillator and frequency-changer, is made in a similar
manner, the triode being assembled on the lower end,

_Common cathode

_Triode anode

Mica bridges ’ —Control grid
\\- —__Diode anodes
Screen—* -
1/

Fig. 19.—Double diode triode.

and the hexode on the upper end, of a common cathode.
The hexode signal-control grid (nearest the cathode) is
connected to the top cap, and the triode grid is connected
internally to the second control grid of the hexode
(Fig. 20).

FACTORS AFFECTING CHARACTERISTICS

In addition to the development of special types of
valves and to improvements in the characteristics, a
continuous effort has been and is being made by valve
manufacturers towards reducing, in any given valve
type, deviations from the mean value of the character-
istics; since with greater uniformity in the product the
set manufacturer is able to use more efficient circuits.
It may, at first sight, seem rather surprising to the user

Il opy. Common cathode

< Hexode electrodes

- Triode clectrodes
r—-.»

Fig. 20.—Triode hexode.

of valves that the spread in characteristics from valve
to valve is, even with the utmost precautions in manu-
facture, quite large: 4 20 per cent and in some cases
+ 40 per cent on such characteristics as anode current
and mutual conductance being the smallest limits to
which it is at present possible to work economically.
From the remarks made earlier in the paper it will
be seen that the factors which affect the characteristics
of a valve are the mechanical dimensions and chemical
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properties of the surfaces of the electrodes. With the
small distances between electrodes which are employed
to obtain the high’efficiency of the modern valve, and
lack of continuity in the production of any given type,
uniformity in these two factors becomes increasingly
difficult.

(a) Mechanical Variations

A fairly accurate idea of the effects of small variations
in the mechanical dimensions of the various electrodes
can be obtained from a consideration of the approximate
.expressions given earlier in this paper and elsewhere for
the characteristics of the valve. Thus, to take the
simplest case of a triode, the effect of variations in the
parameters a, b, ¢, p, n, I, on the characteristics B 1,
g, R can be obtained from equations (4), (5), (6), and
(7) by logarithmic differentiation of these functions with
respect to the various parameters. The expressions,
which are readily deduced, are rather complex, and the
authors will therefore content themselves with giving
in Table 1 one of the results of calculations which have

Table 1

Triode valve: a=0-617cm.,b=0-187cm.,¢=0-099 cm.,
p=0:0055cm., n=15-75 percm., l=3-5cm., V; =100
volts, V,=0, v=0-83 volt.

! sala ‘ abfb sefe ‘ solp 1‘ snjn sift
e e rome e s ST
J | |
Spfu| 0-84 0:16 0 | 1-23) 2:23| 0
Sifi | —0-90|—3-59] 242 —1.32|—2.38 1
Sglg | —0-28| —3-47| 2.42|—0-40| —0-73| 1
SRIR| 1-12 3-63i——2-42; 1-64! 296 —1

been made for a particular high-impedance triode.
This table gives the coefficients B in the expression

where A4 is one of the characteristics u, ¢, g, R; and C
is one of the parameters a, b, c, p.n, L

It will be seen that an error of 1 per cent in the radius
of the cathode, for example (representing an absolute
error of 0-001 cm.), will introduce an error of 2-42 per
cent in the value of the anode current, mutual conduc-
tance, and impedance. If small errors in more than one
parameter exist, then the effects are, of course, additive;
so that if a, b, p, n are 1 per cent too large and ¢ and !
1 per cent too small, the total deviation in anode current
from its correct value will be as much as 11 per cent.
In practice, the tolerances to which it is possible to
manufacture components on a large scale economically
for a valve such as that cited in Table 1 are: cathode
diameter 4 1 per cent (including coating), grid diameter
+ 1 per cent, grid pitch (mean) 4 1 per cent, grid-wire
diameter 4 1} per cent, anode diameter 4 2 per cent;
and although it is extremely improbable that all the
maximum permissible errors will occur at the same
time in any given valve, a total variation in character-
istics of 4+ 5 to 4 10 per cent, due to mechanical
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variations alone, will exist in quite an appreciable
percentage of valves. It will readily be seen that any
improvement in the mutual conductance effected by
reducing the grid diameter will increase the values of
the coefficient B in the expression

and make the task of manufacturing a uniform product
more difficult. Mechanical shock or strain in the
materials which might result in slight distortion of the
electrodes will also seriously affect the characteristics.

In valves having more than three electrodes, the
possibility of variations in characteristics will be greater,
although in these cases also the dimensions of the
cathode and control grid are generally the most important
factors.

(b) Chemical Variations

The factors, other than mechanical, which affect the
characteristi.s are the degree of activation of the cathode
along its length, depending on the temperature distri-
bution (which is discussed in another part of this paper),
the contact potential difference-between cathode and
grid, and secondary emission in tetrodes and other types
in which no auxiliary grid is used to suppress secondary
currents. The effect of wvariations in grid-cathode
contact-potential is, as already stated, most serious in
valves with high amplification factor and high mutual
conductance, and is indeed the biggest single cause of
variation in characteristics in these types. For example,
in a valve designed to operate with an anode current of
6 mA with a mutual conductance of 6 mA per volt a
change of 0-1 volt in the grid-cathode contact potential-
difference will result in a deviation of 10 per cent in the
anode current, and over 3 per cent in the mutual conduc-
tance. In low-amplification-factor valves in which the
ratio of mutual conductance to anode current is small,
the effect of variations in grid-cathode contact potential-
difference is, of course, much smaller and may be
negligible; as, for example, in a valve such as a 100-watt
output valve operating at 100mA anode current with
a mutual conductance of 3-9 (Fig. 21).

As has been mentioned earlier, the contact potential-
difference between anode and cathode in a detector diode,
or cathode and grid of a triode, tetrode, pentode, etc., 1s
determined by the materials used for the electrodes,
the physical nature of the surface, and the con-
tamination (metallic or gaseous) on the surface. Even
when a close control is exercised on all the materials
and operations during manufacture, it is not possible
economically to control the variations in grid contact-
potential to within closer limits than 4- 0-2 volt of
a mean value. A particular difficulty arises in the case
of such valves as double diode triodes where for certain
circuit requirements it is necessary to keep the contact
potential-difference between cathode and diode anodes
approximately equal to that between cathode and triode
grid, so that the diode anode current shall start at the
same negative bias value as that at which grid current
starts. The difficulty arises owing to the fact that the
grid-wire material is usually different from the diode-
anode material, and also that the evaporation of barium
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from the ends of the cathode on to the diode anodes is
less rapid than from the centre of the cathode on to the
grid. Special care is necessary in devising activating
processes which will satisfy the above requirement
without de-activating the cathode, and it is often
necessary to subject such valves to very long ageing
treatment in order to establish stable characteristics.

The control of secondary emission is equally difficult,
and depends on the same factors as does contact poten-
tial. It has in fact been shown in the G.E.C. Laboratories*
that the secondary emission from a contaminated
surface is closely related to its contact potential and
work function. Variations of 4 50 per cent in the
value of secondary current from the screen to the anode
of a screen-grid valve are quite common, and will intro-
duce deviations from the mean value of anode current
of 15 to 20 per cent, while the value of the screen current
may vary between positive and negative values.
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(@) thgh-impedance triode, showing large cffect of contact-
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(c) Negative Grid Current and Input
Impedance

The main causes of negative grid current when the
grid 1s at a negative potential with respect to the cathode
are: (1) Leakage across insulators. (ii) Positive-ion
current to the grid due to poor vacuum. (iii) Electron
current from the grid (grid emission). The maximum
permissible value of the total grid current due to these
causes varies, according to the purpose for which the
valve is used and according to the value of the resis-
tances which may be included in the grid circuit, between
10-%and 5 x 10-6 amp.

(i) Leakage.

Little difficulty is experienced in obtaining electrode
spacing insulators having a sufficiently high resistance
(of the order 100 ohms) even with the small distances
between electrode support wires; but films of metal
(e.g. barium) deposited on the insulator surfaces during
pumping and subsequently, may reduce the insulation
considerably. 'When mica is used, it is usual to roughen

* See Reference (17),
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the surface by covering it with a thin layer of magnesium
oxide, so that the metallic deposits do not form con-
tinuous films between electrodes. Another possible
source of leakage between electrodes is the glass pinch,

if its temperature rises and electrolysis occurs. The
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Fig. 22.—Specific resistance of glass used for valve pinches.

material used for valve pinches is usually a lead glass
having high insulating properties (Fig. 22), and in
practice leakage currents are negligible if the temper-
ature is below 200°C. In power output valves and
power rectifiers, special precautions may be necessary
to ensure that this temperature is not exceeded. Most
of the heat received by the pinch is conducted to it along
the electrode support wires, and the substitution of wires
of a metal with low thermal conductivity, such as
nickel-chromium or nickel-iron alloys instead of nickel,
reduces the temperature of the pinch considerably. To
give one example, in an output pentode in which the
temperature of the pinch was regarded as being danger-
ously high (205°C.) with nickel support wires to the
anode, the substitution of nichrome wires reduced its
temperature to 158°C. In the *‘ ring seal,” shown in
Fig. 23, which has been used for several types of small
valves, thesglass is at a very low temperature, and the
lead-in wires are separated from one another by greater
distances than are possible in the usual type of flat
pinch. Leakage currents through the glass are therefore
negligible.

Fig. 23.—Glass ring seal.

(ii) Positive-ion current.

The gas pressure which will produce a given positive-
ion current to the grid of a valve depends on the nature
of the gas, the magnitude of the electron currents, the
potentiald of the electrodes, and the electrode design,
and is therefore different for different types of valve.
Valves in which the control grid is not adjacent to the
cathode, such as the heptode oscillator-detector, are
mofe sensitive to gas than triodes, tetrodes, and pentodes.
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Measurements made on representative types of valves
have shown that the maximum permissible pressure
which may exist without causing excessive grid current
is of the order 10-% mm. of mercury. Although the
pumps used for exhausting valves in mass production
are not capable of reducing the pressure to less than
10-3 to 10—4 mm. of mercury, the average pressure in
modern valves using efficient getters (such as barium)
is about 10~7 mm. or in some cases as low as 10-8 mm.
of mercury.

(ili) Grid emission.

In power output valves and in indirectly-heated
cathode valves, in which the grid-cathode clearance is
small, electron emission from the grid is difficult to
prevent. Many attempts have been made to reduce
grid emission by treatment of the surface of the grid
wires, such as plating with copper or silver. These
metals can dissolve barium deposited on them, leaving
a low barium concentration on the surface, which has
a relatively high work function. Experiments have
shown, however, that little difficulty would be experi-
enced if barium metal alone were deposited on the clean
grid surface, and that it would be possible for a grid
contaminated in this way to operate at a temperature
as high as 400° C. without risk of excessive emission.
Barium oxide on the grid surface, however, may cause
serious grid emission at temperatures as low as 320° C.,
and the main difficulty arises owing to the fact that the
grid surface may oxidize during pumping when the
barium-strontium carbonates are being decomposed, and
a barium-on-barium-oxide layer then results from the
subsequent deposition of barium on the oxidized grid
surface. Although plating the grid with silver or copper
is effective in reducing the average value of grid emission
in any type of valve, it is not a certain cure, and the
authors have found that in large-scale production a small
percentage of valves with excessive grid current is pro-
duced. Further, the volatilization of the metal or the
oxide of the metal deposited on the grid often ** poisons "’
the cathode emission. '

The only sure method at present known of preventing
emission from the grid of a valve is to keep the grid
temperature below 320°C., and to do this when the
grid wires may be less than 0-5 mm. from a cathode
at 770°C. is not easy. Grid support wires made of a
metal with high thermal conductivity, e.g. copper, are
employed in some types of valves, often with radiating
fins welded to the end of the grid (a modification which
unfortunately increases the grid capacitance and makes
screening more difficult). The thermal conductivity of
the grid-winding wire material is also an important
factor in this connection, as in the fine wires used there
may be a considerable temperature gradient between
the part of the grid nearest the cathode and the support
wires. Some alloys which valve manufacturers would
like to use (owing to their mechanical properties and low
cost) have a very much lower thermal conductivity than
molybdenum, and for this reason cannot be employed
in grids adjacent to the cathode. The substitution of
such alloys would increase the temperature of the
hottest part of the grid by as much as 30 deg. C. and
seriously increase the risk of grid emission.

AND WARREN: MODERN

Anodes and screens with carbonized surfaces or made
from mesh instead of sheet metal are also used to prevent
the grid from becoming overheated by radiation reflected
from their inside surface. The temperature reduction
effected in this way may be as much as 100 deg. C., and
there are in fact few indirectly-heated valves made to-day
in which this precaution is not necessary.

In addition to the three main causes of grid current
mentioned above, there are several other contributory
causes such as positive-ion emission from the cathode,
and photo-emission from the grid. The values of these
currents are, however, extremely small, and their
elimination is only of importance in valves designed for
special purposes, such as electrometer triodes and
tetrodes, in which grid currents as low as 10— amp.

are obtained.*
Grid terminal
//E;J\
/

Anode

~ Grid
" Cathode

Glass insulators
supporting grid

Oxid (,“‘g(‘ﬂ('l:

Fig. 24.—Triode for valve voltmeter,

During the past few years, the improvements in the
efficiency of tuned circuits have necessitated a corre-
sponding improvement in the high-frequency impedance
between the grid and other electrodes of valves for use at
radio frequencies. Circuits with an impedance of
0-5 megohm at 1 000-1 500 kilocycles per sec. are now
quite common, and in order that the valve shall not
seriously load such a circuit, its impedance must exceed
3 megohms. The valve base and socket are here the
main limiting factors, and it is now becoming more
usual to design valves for radio-frequency purposes with
the grid lead taken to a cap on the top of the valve
rather than to a pin in the base. When a still higher
grid impedance is required, as in the case of valves for
use as valve voltmeters at radio frequencies, specially-
designed insulators for the grid are substituted for the
usual mica bridge. A high-frequency voltmeter valve
which has an impedance of more than 20 megohms at
1 200 kc is shown in Fig. 24.

(d) Bulb Charges

One other factor which may seriously affect the
characteristics of a valve must be mentioned. This is
secondary emission from the walls of the glass envelope.

* See References (18), (19).
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It is well known that an insulated electrode in a thermi-
onic valve can under certain conditions assume either
of two stable potentials. If the electrode is initially
at cathode potential or at any positive potential below
that at which the number of secondary electrons emitted
per primary is unity, then the electrode will collect

Fig. 25.—Output wave-form showing * buzz* effect.

electrons from the cathode until its potential has fallen
to a small negative value — V¥, at which equilibrium
is established between the rate of arrival of electrons
having initial velocities greater than 4/(2V,efm) (e and
m being the charge and mass of the electron) and
the leakage current between the cathode and free
electrode. If, on the other hand, the initial positive
potential of the free electrode is greater than the value
V. at which the ratio of secondary to primary electrons
is unity, and the anode potential V, is also higher than
V., then the free electrode will assume a final equilibrium
potential ¥, at which the secondary current from the
free electrode to the anode is equal to the primary
current from the cathode to the free electrode. The value
of V, will depend on the secondary-emission coefficient
at V, and the space charge in the neighbourhood of the
free electrode.

The internal surface of a glass bulb, particularly if
this is coated with a film of an electropositive metal such
as barium, behaves in exactly the same way, and the
characteristics of the valve will be modified according
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Fig. 26.—A method of preventing secondary emission from
bulb.

to whether the surface is at the potential — V, or 4 V,
since the potential distribution in the space inside the
envelope will be different in the two cases.

The effect was observed in screen-grid valves several
years ago, when it was found that the anode impedance
fell to one-third its normal value if the bulb was raised
initially to a high positive potential, or if the bulb
surface became momentarily charged by electrostatic
induction on applying a positive potential to the anode.
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The initial flow of electrons passing through the screen
reached the bulb, secondary electrons were emitted, and
a high bulb potential was maintained which reduced
the valve impedance. Valves in which the envelope
had been metallized externally did not exhibit the
phenomenon since the metallic coating at earth potential
prevented the inside surface of the bulb from acquiring
a high positive potential.

More recently, a curious distortion of the output-
current wave-form (Fig. 25) has been observed in some
output pentode valves. This is known as the * buzz "’
or “S"” effect, and is due to the induction of charges
on the bulb which then emits secondary electrons when
the anode potential swings above a critical value. In a
power valve, it is not possible to metallize the outside
surface of the bulb, as this would increase the temperature
of the bulb and electrodes considerably, and shorten the
life of the valve. One method of overcoming the diffi-
culty is to arrange earthed screens at the ends of the

Table 2
Valve type
Triode Output pentode (ggégg;cmgz)
°C. °Cc, °C.
Heater 1150 1150 1150
Cathode 770 770 770
No.1grid .. 300 316 325
No. 2 grid .. — 410 417
No. 3 grid .. — 260 275
Anode 420 445 145

electrode system, as shown in Fig. 26, so that no electrons
from the cathode can reach the bulb. A simpler method
which is effective in most cases is to coat the inside
of the bulb with a material such as lampblack which has
a low secondary-emission coefficient.

PROPERTIES OF MATERIALS, AND
MANUFACTURE OF COMPONENTS

From what has already been said, it will be evident
that a very close control must be kept of the mechanical
properties of miaterials used for components. The
manufacturer is limited in his choice of metals from
which to make electrodes to those which possess high
melting-points, and which have low vapour pressures
even at temperatures as high as 1000°-1100° C., the
temperature reached by the electrodes during pumping.

The operating temperatures of the electrodes vary
according to the type of valve; Table 2, giving the results
of measurements taken under operating conditions for
a high-impedance triode and two output pentodes, is
typical.

Nickel is usually employed as the anode material and
for electrode support wires, but is not sufficiently rigid
for the winding wires of grids. The diameter of these
must, for reasons already stated, be as small as possible,
and molybdenum, alloys containing molybdenum, or
—for some purposes—nickel-manganese alloys, are used.
All these metals are readily obtained free from undesir-
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able impurities, are easily worked, and do not tarnish
on exposure to the atmosphere, which in a valve factory
may be extremely hot and humid. Iron is sometimes
used as an anode material for screen-grid valves in which
the anode is in the form of two plates, since it can be
heated, during pumping, by hysteresis due to the mag-
netic field of the eddy-current heating coil.

Electrodes such as anodes and screens which are made
wholly or in part from sheet metal are pressed into the
required shape, and precautions must be taken to prevent
distortion due to strain in the metal when it is heated
in the valve.

The manufacture of grids, which at one time was an

Fig. 27.—Grid-winding machine,

extremely laborious process, is now carried out on special
machines capable of winding as many as 200-1 000 grids
per hour, depending on the grid pitch. Fig. 27 shows
a photograph of part of one of these machines. Fig. 28
shows rather more clearly the action of the machine.
The support wires S are fed into grooves on the rotating
mandrel M, and the winding wire G is wound into
notches cut in the support wires by the fixed cutting-
wheel C. The winding wire is fixed in position in the
notches by a swaging wheel H which hammers the metal
of the support wire over the winding wire. The earlier
practice of welding is thus eliminated. The grids are
wound in lengths of about 60 cm. and subsequently cut
into the required lengths, and if necessary stretched
or pressed to their final shape. By the operation of a
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cam on the machine a gap or gaps can be introduced
in the winding of grids which are required to give a
variable-mu characteristic.

We have already indicated the degree of accuracy
required in grid dimensions to ensure uniform character-
istics. The importance of uniform mechanical properties .
of the wire used for winding grids, which are of course
always slightly larger than the mandrels on which they
are finally pressed or stretched, will be appreciated.
The strain introduced during final shaping must be
small, as otherwise distortion will occur on heating.

IEqually important as the mechanical properties are
the “ gas properties ”’ of the electrode materials. Here
the term *‘ gas properties” is intended to include not
only the amount of gas which may be included in the
metal (either *“ volume » or * surface ”’ gas) but also the
capacity of the metal to re-adsorb gas on its surface.
This last factor is in some cases even more important
than the first. An exhaustive study of the sources of
gas 1n receiving valves has shown that the carbon
dioxide adsorbed by the electrodes during decomposition

Fig. 28.—Grid-winding machine.

of the barium-strontium carbonates on the cathode is
far more difficult to remove than the residual gas existing
in the metal, and that the nature of the surface of the
electrodes has an enormous effect on this adsorption.
Table 3 gives the relative adsorption of CO, on ditferent
surfaces during the decomposition of the cathode
carbonates.

The * volume gas' in a metal may be permanently
removed by heat treatment in vacwo or in hydrogen,*
and Fig. 29 shows the effect on the *‘ volume " gas in
nickel of heat treatment at 1000° C. The degree to
which “ volume " gas is removed in practice depends
on the purpose for which the metal is being used. In
support wires of grids, where the ratio of volume to
surface is relatively large, it is important to reduce the
volume-gas content to a low level, and a long degassing
treatment of the wire, either during manufacture or
subsequently, is necessary. On the other hand, in the
case of sheet metal used for anodes and screens, where
the ratio of surface to volume of metal is large, the
volume gas is relatively unimportant, but the surface
of the metal should be as smooth and bright as possible.
From this point of view it is unfortunate that the valve
manufacturer is compelled, for reasons stated elsewhere
in this paper, to use anodes with carbonized surfaces
(sec Table 3).

¢ See Reference (20).
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The treatment of the thoriated tungsten filament was
generally as follows:—

The electrode system was outgassed on the pump by
high-frequency treatment, and by bombardment from
the filament run under ordinary tungsten conditions.
The valve was then sealed off, and the filament flashed
near the melting point for a minute or so. This treat-
ment cleaned the wire surface, and at the same time
reduced some of the thorium oxide to thorium. The
filament was then run at 2 200° K. At this temperature
thorium diffused to the surface, and there formed the
active layer. The operating temperature for these
filaments was 1 900° K.

The thorium layer on the surface, being chemically
very active, was easily ‘‘ poisoned "’ by the presence of
oxygen or water vapour. This danger could be avoided
if the pumping time were prolonged. An alternative
solution was to carbonize the filament. A small amount
of a hydrocarbon vapour was admitted to the hot
filament, and the hydrocarbon combined with the
tungsten to form tungsten carbide. The usual method
was to burn the filament in the vapour until its resistance
had increased by 7 per cent. The thorium was produced
by running the filament off the pump at 2 400° K.
for several minutes. The carbide produced thorium by
its reducing action on the thoria. The filament was
then run at 2 200° K. in order to stabilize the emission.
Furthermore, the filament was protected against
* poisoning "’ by the presence of the carbide, which was
preferentially attacked by gas and water vapour. The
gaseous products of the attack were adsorbed on the
walls of the glass bulb.

The main objection to the carbonizing process was the
fact that the filament was rendered very brittle by the
carbide, and valve losses in transport were very heavy.
The solution to this trouble was the stranded filament.
It was made very much as a 7-strand cable is made,
i.e. six wires were twisted round a central wire of similar
diameter. During carbonizing, only the exposed surfaces
of each wire were carbonized, and the central wire
remained unaffected. This filament was therefore much
more robust.

The operating temperature for maximum efficiency is
determined by the temperature necessary to maintain
the optimum covering of thorium atoms, and this is too
low to stop the cathode cleaning-up evolved gas. To
counter this defect, a ‘‘ getter,” i.e. a layer of some
substance that will adsorb gas, is deposited on the inside
of the glass envelope. The early getter was phosphorus,
which was originally used in lamps for removal of water
vapour. Later getters were alkali or alkaline-earth
metals. The action of getters is discussed more fully
later in the paper.

(ii) Caesium-on-oxygen-on-tungsten (W-0O-Cs).

The discovery that the work function of a metal was
reduced when a layer of atoms of another electropositive
metal was present on its surface led to much work on this
form of emitter.* Generally, the more electropositive the
contaminating metal is, the more the work function is
reduced. A still greater reduction in work function is
obtained when the contaminating film consists first of a
layer of electronegative atoms such as oxygen, and then

* Sse Refereaces (24 ), (25), (26), (27).
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the layer of electropositive atoms. The most efficient
form of this sandwich type of surface yet developed is
caesium-on-oxygen-on-tungsten. The tungsten surface
is prepared as follows: The tungsten is first oxidized.
It is next heated in vacuum until only a monatomic film
of oxygen remains, and caesium is then evaporated on
to the surface from a suitable source. The final cathode
is again heated in vacuum at a suitable temperature in
order to obtain the maximum activity.

Despite the high emission efficiency of this type of
emitter, it has never been successfully developed com-
mercially. The properties of caesium valves have been
extensively studied in the G.E.C. Laboratories, and the
following facts have been established. The emission
varies with temperature as shown in Fig. 30, and the
operating temperature for maximum life is about
810°K. This low temperaturefis necessary because the
degree of covering of the tungsten surface is a function
of the vapour pressure of the caesium, and of the
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Fig. 30.—Emission from W-O-Cs.

temperature of the cathode. The vapour pressure in
turn is affected by the bulb temperature. The emission
density is very low, so that an extremely large cathode
area is necessary and microphonic problems in filamentary
types become in consequence much more serious. The
cathode can only be operated with very low anode
voltage (3 120 volts), because positive ions will readily
remove the caesium atoms by a bombardment process.
Judged from a manufacturing standpoint, a very high
degree of skill is required to make this form of cathode,
and it has so far proved unsatisfactory for commercial
development.

(c) Oxide Emitters

(i) The alkaline-earth oxides.

As early as 1904, Wehnelt* showed that the emission
from a metal wire coated with calcium oxide was very
high when compared with the emission from the metal
itself. It was not until 1920, however, that this form of
emitting cathode was used commercially by the Western
Electric Co.t

The demand for highly efficient cathodes which were

* See Reference (28). t See discussion,
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inexpensive to operate, focused commercial attention on
the oxide emitters. A considerable improvement in the
standard of high-vacuum technique had to be achieved,
however, before general commercial manufacture could
be contemplated. We have seen that, as the emitter
becomes more efficient, the degree of vacuum becomes
increasingly important, because of the * poisoning”
effect of gas on the emitter. The oxide cathodes are
generally produced in the evacuated bulb, and a large
quantity of gas has to be removed from the valve before
any activation of the cathodes can be attempted. Two
processes have been in general use. In Europe, the
process was to plate a tungsten wire with a thin film of
copper. The copper was oxidized, and the alkaline earth,
usually barium, was obtained by decomposition of the
alkaline-earth azide. The barium metal combined with
the copper oxide to form barium oxide.

This process, the vapour process, was introduced by
the Philips Lamp Co., of Holland. The process had one
distinct  advantage: the large quantities of barium
liberated during the distillation acted as a very efficient
getter, both on the pump and during life.

In America, the oxide was formed by coating a wire
with a paste of the carbonate or hydroxide. This paste,
when raised to a suitable temperature in a vacuum,

Table 4
| L Operati 2
CBwiter | Eficioncy | ey apera | Tk,
| yre
| mA per watt :mA percm.2 °K. volts
w ie | 1tob ‘ 274 2 500 4-52
W-Th .. | 20to25 | 3000 1 900 277
W-0-Cs .. | 700 | 126 810 | 0-7
BaO, SrO | s | 1040ma} 5
! rloAe 250 25 ( Y
CaO (| 150 to 251 ; 50 {1 1 100 0-95
| i ,

decomposed to form the oxide. The gas evolved had
to be pumped away, and getters were employed during
pumping in order to maintain a high vacuum,

The vapour process lost favour when the necessity for
indirectly-heated cathode valves arose. The distillation
of barium introduced leakage between electrodes, and this
leakage resulted in very noisy valves. To-day practi-
cally all makers of receiving valves employ the paste
oxide type of cathode.

Table 4 summairizes the properties of types of emitters
mentioned, and gives the results obtained over a number
of years in the organization with which the authors are
associated.

(ii) Mechanism of the emission.

The theory generally accepted* is that the alkaline-
earth oxide coating behaves as an electronic semi-con-
ductor. It conducts because of the presence of the right
kind of impurity atoms, in this case barium atoms. The
barium atoms are produced from the oxide, and it is these
barium atoms which supply the conducting clectrons.
These electrons are finally emitted into vacuum because
of the presence of a monatomic film of barium on the

® See Reference (22).
Vor. 80.
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surface of the oxide. If certain assumptions are made,
it can be shown that the Richardson equation

[ = AQe=o—wtks _ _  (8)

holds for these oxides. pu, the inner potential, is given by

! aNo}
m = é(Wl + Wa) + LO l()g (BH)!‘ . . .

where W, and W, are energy levels in the oxide, « and
B are constants, and A, is the number of barium atoms

per cm.3; so that the work function depends on the
concentration of barium atoms.

(0

(iii) Chemical composition and physical state of

practical oxide coatings.

The usual oxide coating consists of barium and
strontium oxides present in equimolecular proportions
or equal parts by weight. The oxides are usually
obtained by dccomposition of the carbonates in
vacuum. It has been established that under ideal
vacuum conditions, a mixture of the two oxides has a

o)
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31.—Lmission from solid solution of barium
strontium oxides,

Fig. and
higher emission than either of the single oxides. The
maximum emission is obtained: when, for a given
chemical composition, the oxides are present as a homo-
geneous solid solution. Tn Fig. 31 the relation between
emission and chemical composition of the double oxide
is shown. The theoretical reasons for the necessity for
the double oxide are discussed elsewhere.* The emis-
sion also appears to be a function of the particle size
of the double oxide. Thus, the three main features of
the cathode coating are: (1) it should be a homogeneous
solid solution of barium and strontium oxides. (2) It
should have the correct oxide composition after final
treatment in the valve. (3) The mixed oxide particles
should be as small as possible.

Condition (1) is achieved by correct preparation of
the original carbonates. If the carbonates are in solid
solution, then they invariably give a double oxide when
decomposed in a vacuum. ‘The double carbonate is
obtained by simultaneous precipitation from a hot
alkaline solution of the nitrates.

Condition (2) is achieved by using the correct amount
of each nitrate, and by ensuring that the nitrates
solution is alkaline. .Otherwise preferential precipi-

® See References (29), (30).
27
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tation of the strontium carbonate occurs, and the
resulting carbonate may have two or more phases of
varying chemical composition. On heating the double
carbonates in vacuum, the temperature must be con-
trolled, or else a change in chemical composition of the
resulting oxide may occur. This point will be amplified
under the heading ‘“ Pumping Technique.”

Condition (3) depends on the way in which the precipi-
tation from the nitrates solution is carried out. The
exact nature of the precipitating agent, the alkaline
agent used, temperature, speed of precipitation, and the
solution strengths employed, are all important factors.
Although there is not space to describe the various
methods, the photomicrographs in Fig. 32 (Plate 1, facing
page 416) illustrate the range of particle sizes that can be
obtained. Recently, E. Patai and Z. Tomaschek* have
described a method for obtaining carbonate particles of
colloidal dimensions.

The authors are now studying the effects of the
carbonate particle size by means of the electron micro-
scope. Although the results obtained are not yet
conclusive, it may be of interest to show just how two

BENJAMIN, COSGROVE, AND WARREN: MODERN

nickel; its thermal emissivity is much lower, and since,
in practice, the temperature of the coated cathode is
dependent on the thermal emissivity of the core and the
thickness of coating, a coated copper cathode will
require less power to maintain it at a given temperature
than a similarly coated nickel cathode.

Curves showing the temperatures of coated copper and
coated nickel at the same watts input per cm?2 are given
in Fig. 34. It will be seen that the temperature of the
coated cathode depends on the coating thickness, and
that at a given temperature a copper cathode requires
about 25 per cent less power than a nickel cathode.

The chief disadvantages of copper are: (1) Its lower
melting-point (1 080° C., as against 1 450° C. for nickel).
(2) Its greater volatility (evaporation takes place at
temperatures as low as 730° C.). It is therefore necessary
to activate a copper cathode at a lower temperature
than that employed for nickel (1 100° C.), and to operate
the cathode at a maximum temperature of 730° C. At
higher temperatures, any evaporation which takes place
will give rise to electrical leaks and noisy valves. For
these reasons, nickel is to be preferred as a core material,
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Fig. 34.—Effect of coating weight on temperature of coated copper and nickel cathodes.

(a) Copper cathode,
(b) Nickel cathode.

coated surfaces which differ only in the particle sizes of
the original carbonates exhibit very different emission
characteristics. In Fig. 33 (Plate 2) are shown the elec-
tron photomicrographs of two cathodes, one coated with
the coarse-particle double carbonate and the other with
the fine-particle double carbonate shown in Fig. 32. It
will be seen that while the emission density is very much
the same for both, the total emitting area is very much
greater in the case of the fine-particle carbonate. The
photographs are reproduced here so that the importance
of particle size can be visually appreciated.

(iv) The core material.

The essential features of the core material are that it
shall be mechanically strong, easily worked, have a high
melting-point and low thermal emissivity, and be
inexpensive.

Nickel, copper, silver, gold, platinum, and various
alloys of these metals are all possible core materials.
Tungsten cannot be used, because shaped indirectly-
heated cathodes are extremely difficult to make.
Platinum and gold are too expensive, and silver is too
volatile. Therefore, nickel or copper, both of which are
cheap, might be used. Copper has one advantage over

® See Reference (31).

and it is the core metal normally used by all valve
makers.

It has been shown* that, in order to obtain the best
thermionic results, certain metallic impurities, which will
act as reducing agents to the oxide coating, are desirable
in the nickel. These impurities increase the barium
concentration by their reducing action, and so assist in
improving the thermionic emission. Suitable metals are
aluminium, magnesium, titanium, the rare-earth metals,
and silicon. The actual amount and nature of impurity
added is governed by the ease of manufacture of the
nickel alloy, and by the following considerations:
(1) Effect on thermal emissivity of the nickel (generally
increased). (2) Effect on electrical resistance of the
nickel (generally increased). (3) Effect on mechanical
strength of the nickel (generally increased).

In the case of indirectly-heated cathodes (1) is the
chief consideration. For directly-heated cathodes, some
adjustment can be made to diameter and length which
will offset the effects of (1) and (2). In practice, the
authors have found that, for directly-heated filaments,
a nickel + 2 per cent aluminium alloy is satisfactory.
For indirectly-heated cathodes, the presence of up to
0-1 per cent of magnesium is best.

* See Reference (33).
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Attempts have been made to introduce barium
directly into the core. Alloys of nickel and barium
which contain more than a trace of barium are extremely
difficult to make, and nickel-barium alloy cathodes have
not yet been used commercially.

(v) Coating processes. )
For directly-heated cathodes, in the form of a wire
or strip the cathodes are made by drawing the wire
through a series of baths and ovens. The apparatus
is illustrated in Fig. 35 (Plate 2). The baths con-
tain a water suspension of the carbonates together
with about 12 per cent of barium or strontium nitrate,
which acts as a binder.
the wire passes through the oven at 750° C. The
atmosphere is generally one of CO, in order to avoid
any decomposition of the carbonates, and the authors
have found that oxidation of the core due to nitrate
decomposition can be avoided by the use of suitable
mixed gases. This is important, as core oxidation slows
up the cathode activation. In the oven the coating is
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sintered on (the nitrates decompose to form carbonates)
and the final coating consists of a homogeneous double
carbonate. This coating and sintering process is
rep-ated until the required weight of coating is obtained.

For indirectly-heated cathodes, a suspension of
carbonates in an organic solvent is made and sprayed
on to the nickel base. The degree of adhesion of the
coating to the core metal is governed by the nature of
the diluent used and by the actual spraying conditions.
The following factors are also important—stable viscosity
of the spraying suspension, temperature of spraying,
fineness of the carbonate particles.

The carbonates are decomposed to oxides by heating
them on the pump. The carbonates begin to decompose
at 750°C. An important factor in manufacture is that
the time of decomposition should be kept as short as
possible.  In order to avoid evaporation of the coating,
however, the temperature of the coated cathode must
never exceed 1 100° C.

An additional complication is that the thermal
emissivity of the coating falls when it changes from
carbonates to oxides, so that a rise in temperature occurs
although the watts supplied remain the same. A curve
showing temperature-changes and time of decomposition
of the carbonate is given in Fig. 36.
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HEATERS

(a) Core Material

In indirectly-heated types, the cathode is normally
a hollow tube of circular, oval, or rectangular section,
which is heated by means of a filament inside the cathode,
but insulated from it. The core material is generally
tungsten. Since the heater wire normally runs at a
temperature several hundred degrees above that of
the cathode surface, it is essential that the wire should
have a high melting-point. One of the disadvantages of
tungsten, however, is that it is prone to brittleness at
high temperatures. The brittleness, caused by crystal
growth, can be avoided if 0-02 per cent alumina is added
to the tungsten. This prevents temperature recrystal-
lization below 2 000° C.
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Fig. 37.—Electrical resistance of alumina coating.

Another form of core wire now being used consists
of a molybdenum-tungsten alloy. This alloy was first
introduced in America, and the advantages are that the
alloy retains the ductility associated with the molyb-
denum, and yet has a melting-point well above that of
molybdenum, and a vapour pressure which is negligible
below 1 750° C.

(b) Insulating Material

The insulating material consists of a refractory such
as alumina which is sprayed on to the heater. The
heater-cathode insulation, which must be as high as
possible for circuit reasons, depends on: (1) The temper-
ature of the heater. (2) The nature of the insulator
used.

(1) A curve, showing variation in the heater-cathode
insulation with temperature, for alumina-coated tung-
sten, is shown in Fig. 37. It is essential to design the

+ heater to run at as low a temperature as is possible.

(2) The currentfvoltage curve for a typical alumina
coating is shown in Fig. 38. It will be seen that a
higher current flows when the cathode is positive with
respect to the heater, and that it saturates. There
is reason to believe that the alumina behaves as an
impurity semi-conductor, although it is difficult to
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determine whether the leakage current is carried mainly
electronically or electrolytically. There appears to be
no doubt, however, that the purer the alumina the
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Fig. 38. -Current/voltage characteristics of alumina coating.
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higher the insulation. The chief impurity in alumina is
sodium, present as sodium aluminate, and this must be
removed as far as possible by chemical means. The
following treatments are usually given to the alumina:—
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Curve 1. Alumina.

Curve 2, Washed alumina.

Curve 3, Alumina presintered at 1 750° C,
Curve 4. Alumina + 1 per cent BeO.

(i) As much alkali as possible is removed by prolonged
acid washing. Generally the alkali can be reduced to
0-02 per cent. It is essential to store the washed

MODERN

alumina so that atmospheric contamination is reduced
to a minimum.
(ii) After spraying, the coated heater is heated in
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hydrogen at a high temperature. This removes the
binder, sinters the coating, and removes a certain
amount of sodium and other impurities. Sometimes
it is necessary to sinter the wished alumina in hydrogen
at 1 600° C. before it is used for spraying purposes.

One other method of improving the insulation has
been found to be effective. If a small amount (1-2 per
cent) of beryllia is added to the alumina, the insulation
is improved to a level reached by taking the precautions
described above. It appears that the beryllia combines
with the alumina to form a compound of the tvpe
(BeO),(ALO,),. Its exact formule has mnot been
established, but it is not the ordinary beryllium
aluminate. It may be that in this compound the
different crystals produced may have different energy
levels, which result in the altered conductivity.

The effect of these treatments on the insulation is
shown in Fig. 39. 1t is a remarkable fact that at the
operating temperature of the heater (1 400° K.), heater-
cathode resistances of 80 megohms or more can be
obtained.
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Fig. 41.— Current/voltage characteristic of magnesia coating.

One other feature leading to poor insulation is
contamination by handling during assembly. It is not
always possible to avoid this, and the remedy is to apply
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a potential between heater and cathode during ageing.
A “ poisoning ” of the conductivity occurs, and the
insulation improves. The improvement is permanent,
but the reason is not clear. The effect is shown in
Fig. 40.

Magnesia has been used as an insulating coating, but
the authors have found it to be unsatisfactory. It can
be readily obtained pure, but it cannot be sintered in
the presence of tungsten without some combination
occurring.  Further, at 1700°C. magnesia has an
appreciable vapour pressure, so that coating may be
lost during sintering, and during pumping. In the
valve, the heater lighting treatment results in further
reaction between the magnesia and the tungsten core,
and a compound of the tungstate class is formed. The
electrical characteristics of a magnesia-coated tungsten
wire are extremely interesting, and are shown in Fig. 41.
It will be observed that initially the greater current

1100
< 1050
—
R = P—
2 Nz
15 \1
& 950
o J

900 5 10 15 20 25
Distance from one end of cathode, mm
Fig. 42

Curve 1. Single hairpin heater.
Curve 2. Reverse helix heater.
Curve 3. Single coil heater with centre return lead.

flows when the cathode is negative with respect to the
heater, but prolonged running with the voltage applied
so that the cathode is positive (the normal condition)
results in electrolysis of the coating, and tungsten is
deposited on the coating surface adjacent to the cathode.
A short-circuit results, and the heater fails. The objec-
tions to magnesia coatings apply to magnesia tubes,
which have been used by valve makers to sleeve tungsten
heaters.

(c) Heater-Cathode Design

In indirectly-heated valves the design of the combined
heater-cathode system is important, judged from the
standpoint of emission efficiency. For a cathode of a
given area, dissipating a given number of watts, it is
desirable that the energy should be distributed as evenly
as possible over the cathode surface. With the ordinary
hairpin type of filament, the temperature-difference
between the end and centre of the cathode may be as
high as 80 deg. C. This can be brought down as low
as 5-10 deg. C. by suitable heater design.

The operating temperature of the heater is decided
largely by the disposition of the heater in the cathode,
for the latter is heated mainly by radiation (any con-
duction can only take place at a number of points or
live contacts). It follows, therefore, that the lowest
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temperature of a heater which is dissipating a given
number of watts, will be obtained when the radiating
area of the heater is the greatest. Thus the most
efficient heater would be a close-fitting cylinder. “The
nearest approach to this is a single helix wound with
turns as close together as is possible.

In Fig. 42 are some interesting curves for temperature
distribution along the cathode, when various shapes of
heaters are used. It must be borne in mind that heater
design is influenced by such factors as magnetic-hum
effects and coating problems, so that it may not always
be possible to use the lowest-temperiture heater. One
other disadvantage of low-temperature heaters is their
greater hecating-up time due to their larger thermal
capacities and smaller ditferences between  their cold
and hot resistances. In Table 5, char.cteristics of a
cathode with three different heaters are given.

“ GETTERS”
A getter is used for maintaining the vacuum in a
valve after it has been sealed off. The alkaline carths,
the alkali metals, and magnesium, are common getters;

Table 5
: LE
Terp.-datf.
Heating-u s L Operating
Heater time of P b(:r;‘d(:"‘\;: "’)}" | temperature
cathode cathode of heater
S —— B
seC., °Cs °K.
Hairpin 11-2 80 | 1460
Double helix 15-0 10 I 1 400
Singie helix 17-9 10 | 1 360
|

and the getters mostly used to-day are an alloy of barium
and magnesium, and barium. The alkaline-earth oxides,
singly or mixed, are also good getters.

(a) Method of Use

(i) Metal getters.

If the metal is relatively stable in air, it is welded to
a metal disc and dispersed by high-frequency heating
of the disc. If the metal of which the getter is composed
is an unstable one such as barium, it is packed inside
a closed container before welding. The high vapour
pressure generated on heating is sufficient to burst open
the closed ends of the container, and the metal is dis-
persed. In order to avoid any deposits forming over the
electrode bonding system and so causing electrical
leaks, the getter dispersal is usually directed towards the
bulb wall by a suitable design of container.

(ii) Non-metallic getters. )

Where very high inter-electrode insulations are
required, as in certain special types, the non-dispersed
form of alkaline-earth oxide getter is used. This is
usually sprayed on to a metal disc in the form of cathode
coating, and decomposed by high-frequency heating to
the oxides. The oxides, when cold, act as getters.
Although the authors believe this to be the first time
that the oxides have been used in this way, for many
years some valve manufactures applied a paint of
alkaline-earth carbonates to the pinch.
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It will be appreciated that since the emitting cathode
itself is a mixture of alkaline-earth oxides, it too, in the
active state, will adsorb gas, and this point must be
carefully watched when valves are being made.

(b) Mechanism of Clean-Up

The gettering action of dispersed metals is twofold.*
During dispersal a clean-up occurs, referred to as
* volume gettering.” Then when the gas comes into
contact with the dispersed getter deposit a second
gettering action occurs, known as ‘‘ contact gettering.”
The gas is taken up either because it is adsorbed into the
metal, or because it combines chemically with the metal.
The actual nature of the clean-up depends on the type
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adsorption process and are most efficient when dealing
with CO,. The gas is easily liberated on warming or by
electron bombardment.

(c) Precautions in Use

Since getters may liberate adsorbed gas when warm,
they should be depusited on the coolest part of the
system. Direct electron bombardment may also
liberate gas, and care should be taken to put the deposit
in such a position that it is unlikely to acquire a positive
potential. If possible, the getter deposit should be at
cathode potential. In any case, since the metal disc
always contains some getter residue, it is desirable to
connect it to the cathode.

Fig. 44A.—Pumping unit.

of getter, the nature of the gas, and the conditions pre-
vailing at the time. For example, magnesium  will
adsorb hydrogen in contact with it, and this can be
liberated again by heating the magnesium deposit. It
will not adsorb CO,, except under discharge conditions.
Sodium will not getter hydrogen except under discharge
~onditions, and then 1t chemically combines with it to
form the hydride.  Barium will adsorb all the permanent
gases, and it forms chemical compounds with oxyvgen
and hydrogen. Hence barium is the most desirable
getter, because of its aftinity for most gases, and be-
cause the chemical nature of the clean-up means that
the gas will be held even when the getter surface
1s hot.

The alkalinc-earth oxide getters clean up by an

* See Reference (3).

PUMPING TECHNIQUE
The pumping of a modern receiving valve is designed
to remove the greatest amount of gas in the shortest
possible time.  All the materials used are rendered as
gasfree as possible before assembly (see section on
“ Properties of Materials '), and the completed valve is
heated on the pump to remove any remaining gas. In
Fig. 43 (Plate 2) a complete valve assembly of a power
output (type N43) valve, including the heater, cathode,
multiple electrode system, and getter, is shown. The
pumping system used consists of a series of 2-stage
machine pumps. Figs. 44A and 448 respectively show
photographs of a pumping unit and a battery of pumps.

The speed of pumping is given in Fig. 45.
The pumping procedure is as follows: (a) The system
is baked at 450°C. in order to remove water vapour.
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(b) The electrode system is heated by high-frequency
induction in order to remove adsorbed gas. (¢) The
cathode is heated in order to decompose the carbonates,
the electrode system again being heated to prevent it
picking up cathode gas. (d) The getter is dispersed,
and the valve sealed off. The time taken to treat an
individual valve varies according to type, but a speed
of 400 valves an hour is an average figure when using
a unit of the type shown.

The precautions to be observed are as follows: (i) The
electrode system should be heated in such a manner as
to ensure that excessive peaks of gas pressure are
avoided. (ii) The cathode temperature should be main-
tained throughout the pumping process, since once the

-~

s s
Fig. 44B.-Battery of pumps.

carbonates are decomposed the cathode is in an active
state, and, as has already been pointed out, it will
adsorb gas at low temperatures. (iii) The getter should
be dispersed when the pressure is low, so that it is not
employed in cleaning-up gas from the pump system.
For this reason, the valve should be sealed off as soon
as the pump has had time to remove any gas liberated
by the gettering operation.

ACTIVATION PROCESS

The process of keeping the cathode hot after decompo-
sition results in partial activation of the cathode.
Activation is completed by drawing current from the
cathode whilst it is run at a temperature of 900° C.
The electrolytic process going on in the coating results
in the formation of more barium, and the space current
grows with time. Further, the voltage across the valve
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and the current flowing ionize any gas present, and
enables the getter to clean it up. The time and nature
of the activation depend on the specific type, but as a
gengral rule the cathode is run at 850°-900° C. with all
other electrodes strapped at a common positive potential,
and a space current of 100 mA per cm.2 is drawn for
2-5 minutes. The valve is then run for 30 minutes
under normal operating conditions, except that the
cathode temperature is still maintained at 850°-900° C.
The initial bombardment period cleans the first grid
surface, and any barium deposited from the cathode
during the second period comes down on to a clean
surface.  This is- important, particularly in  high-p
types.  The contact potential between grid and cathode
determines the voltage at which grid current starts, and

the activation schedule outlined above enables some
measure of control to be exercised over the contact
potential.

VALVE LIFE
(a) Emission Life
The hife of the finished valve depends on the tempera-
ture of the cathode, and its resistance to poisoning by
evolved gas.
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Fig. 45.—Pumping speed of a machine pump.

As is shown in Fig. 31, the emission from the solid
solution of oxides is a function of the proportions of
each oxide present. The oxides evaporate, and the
barium oxide is considerably more volatile than the
strontium oxide. Thus if the coating 1s run at such a
temperature that appreciable volatilization of BaO
occurs, the composition of the solid solution changes
and the emission slowly falls.  The rate of fall decreases
with time, because the rate of evaporation of BaO
decreases  with increasing strontium content. The
lowest possible temperature consistent with the emission
demand will give the longest life, providing any poisoning
effects arc absent. .

The oxide cathode usually fails because it adsorbs
gas and 1s ““ poisoned.””  One of the factors which con-
tribute to poisoning is the gas evolved from the electrode
system because of the energy dissipated. As has been
shown, the cathode readily adsorbs gas, and the lower
the temperature of the cathode the more readily is the
gas adsorbed. The getter is present in order to cope
with evolved gas, but its capacity is limited, and the
valve needs only a very little of a gas such as oxygen
or carbon monoxide, both of which are readily adsorbed
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by the cathode coating, to poison the emission. Poison-
ing occurs at pressures of oxygen as low as 10— mm. of
mercury, and recovery is generally impossible.

The cathode ceases to adsorb gas at about 1000° C.,
but this temperature is too high from the point of view
of coating evaporation. In actual practice, the cathode
temperature must be adjusted to suit the type of valve.
Where very little emission is required, as in a high-
p triode, and where few watts are dissipated in the
anode, the operating temperature can be as low as
750° C.; but for a rectifier which requires a large emission
throughout life, and in which considerable watts are
developed, the temperature during life must be not less
than 850° C.

One other factor influences life. The design of the
heater-cathode system determines the temperature
distribution along the cathode. If the temperature-
ditference between end and centre is great, then the ends
will become poisoned, and the valve will fail because
part of the cathode has been rendered uscless.

(b) Mechanical Life

Apart from failure of the emission, the valve may fail
because it develops a mechanical defect. One such

S T
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Fig. 46

form of failure is for the heater of an indirectly heated
valve to fracture, particularly when it is of the hair-
pin type. This is usually due to the fact that the
tungsten expands and contracts much more rapidly,
when the heater temperature is varied, than the insulator
coating, which adheres tightly to it. The condition is
particulariy severe when the valve, as in practice, is
switched on and off several times a day. To avoid this
difficulty it is desirable for the coating, instead of
forming a smooth shell, to consist rather of a series of
beads. The difference in appearance is shown in
Fig. 46. The effect is obtained by careful control of the
initial density of the insulating material, so that the
coating on the heater can shrink during sintering.

(c) Electrical Life

Other causes of failure are the development of elec-
trical leaks, grid emission, and gas in the valve during
life. No specific cure for any of these troubles can be
listed, but any particular type must be treated according
to the symptoms observed.

Electrical leakage may be due to volatilization of
active cathode material and getter, and designs must be
modified to overcome these defects. Grid emission must
be looked after by suitable design of the grid cooling
arrangements which have already been described. The
evolution of gas during life must be studied from the
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point of view of the gas content of electrode materials,
the pumping, and the gettering techniques. All these
factors are dealt with in detail in various sections of
the paper.

Where very long lives (20 000 hours and more) are
required, as in valves for use in P.O. telephone repeater
circuits, low-temperature operation of the cathode is
essential. In order to avoid poisoniug during life, the
pumping schedules are lengthened to an extent quite
impracticable for ordinary manufacture of valves for
broadcast reception. The lengthened pumping treat-
ments are necessary in order to ensure that practically
no gas is evolved in the valve during subsequent
operation.

LIMITATIONS DUE TO BACKGROUND NOISE

Since the main function of a receiving valve is to
amplify signals it follows that any noise generated by
the valve itself will set a limit to the maximum useful
gain which can be employed.

In the early days of bright-emitter valves a phe-
nomenon known as ‘ crackling ’ was often met with.
This was an intermittent effect which was ascribed to
irregular emission from the hot tungsten filament. With
the introduction of thoriated tungsten dull-emitter
valves the filament became less ductile and was more
easily excited by mechanical shock into a state of trans-
verse vibration. In consequence the limit of amplifi-
cation at that time was determined mainly by the
microphonic properties of the valve.

(a) Alternating-Current Hum

When the need for the operation of receiving-valve
cathodes from an alternating-current supply arose, a
fresh limitation presented itself in the form of a.c. hum.
Early attempts to use valves with a.c. heating of a
filamentary cathode met with considerable difficulty.
The first modifications were heavy-current low-voltage
filaments, which avoided flicker due to temperature-
changes and reduced the electrostatic control of the
electron stream. Unfortunately, the heavy current
produced a strong magnetic field, which set a limit to
this method. Nevertheless, commercial receivers were
manufactured for a time on these lines.

The functions of heater and cathode were now
separated, so that the current did not flow through the
cathode material. Difficulties arose due to the need
for providing insulating material between heater and
cathode. Vacuum insulation was of course satisfactory
but required liberal dimensions, which resulted in high-
consumption heaters and inefficient valves from the
mutual-conductance point of view. The development of
special insulating materials has been dealt with else-
where in this paper, and it will be sufficient now to
indicate the present limitations of indirectly-heated-
cathode valves.

Where the heater can be operated with cathode
return to the centre point of the heater supply, the main
source of hum is magnetic in origin. The effect can
therefore be reduced by reducing the heater current and
to some extent by special arrangements of the heater.
Assuming the heater watts to remain constant, the low-
current method results in increased heater voltage with
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a greater increase in the hum produced when the slider
of the potentiometer shunting the heater is moved from
the centre point. This is due to: (1) Heater ends pro-
ducing a grid effect on the electrons from the end of the
system. (2) Thermionic emission from the heater being
collected by the grid (especially with high resistance in
grid circuit). (3) Ends of heater robbing electrons
from the main system, either at the ends or strays.
(4) Capacitive coupling between heater leads and grid
lead.

These effects are set forth quantitatively in Fig. 47.
The curve for the MH4 valve shows the hum produced
by the straight ‘ hairpin ”’ heater operated at 4 volts,
1-0 amp. Contrasted with these is an MH41 valve
fitted with a heater of spiral or reverse ‘* helix ”’ form.
The difference in hum at the ends of the potentiometer
1s a feature of the electrode arrangement, but the
reduction in magnetic hum at the centre point is marked.
The third pair, for the H30 valve, concerns a further
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Fig. 47.—Lffect on hum of various hcater-cathode designs.

Ratio:

heater of spiral form but operating at 13 volts, 0-3 amp.
Here the magnetic hum at the centre is still further
reduced by the lower current, and the steep rise at the
end has been minimized by taking the grid connections
to the top of the bulb and by the use of screens round
the heater leads.

A special case of commercial importance arose with
the introduction of the d.c./a.c. set, where for the sake
of economy the heaters are operated in series on an
a.c. supply. It is necessary for the cathodes of all the
valves to be connected to one end of the a.c. supply,
so that large a.c. voltages exist between the heater and
cathode in many of the valves. In this case the a.c.
voltage between heater and cathode may be several
times as great as the voltage across one heater. All
these effects can be minimized by enclosing the ends of
the heater in metallic shields connected to the cathode
and by removing the grid lead as far away as possible
from the heater leads.

In general, it can be said that it is now possible to
make valves which, when operated on an a.c. heater
supply, will give rise to a hum no greater than the basic
‘“ hiss "’ level arising from the shot and resistance noises.
Such valves, however, demand special construction and
are more expensive to manufacture than ordinary types.

While these latter effects are now well known as
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limitations to the amplification obtainable with valves,
it is proposed to refer to them briefly.

(b) Shot Noise

The noise due to this effect arises from the random
nature of the arrival of electrons as discrete particles at
the surface of the anode. They generate a wide band
of frequencies, and have been shown by Moullin and
Ellis* to be equivalent to a mean-square voltage of

approximately 11 x 10-207df[g,%> at the grid of the
valve in the case of an amplifier covering the range of
audio frequencies given by df, where I = anode current
(amperes) and g, = mutual conductance (amperes per
volt).

(c) Resistance Noises

In most applications of the valve it is necessary to
connect a high resistance or impedance in the grid
circuit. This resistance gives rise to further noises,
which again cover a wide frequency band. Johnson
and Nyquistt have shown that the effect of these is
equivalent to a mean-square voltage of 1:6 x 10-2Rdf
across the resistance when the latter is measured in
ohms.}

A practical case where noises of this kind prove a
serious limitation is in the application of the photo-
electric cell, where a high grid resistance is imperative
owing to the low currents produced by the cell. In this
field the electron multiplier, described by Dr. V. K.
Zworykin,§ is of particular interest. By dispensing
with the need for a coupling circuit the resistance
noises are eliminated, and the limiting noise becomes of
the smaller order arising from shot noise due to the
multiplier.

(d) Parasitic Noises

Apart from these fundamental limitations, designers
are faced with more immediate problems by reason of
noises of a greater magnitude which can be classed as
‘ parasitic.” In the manufacture of modern oxide-
coated cathode valves it is necessary to heat the elec-
trodes, including the cathode and heater, to high temper-
atures during evacuation. It is also essential to employ
some form of ‘‘ getter,” usually in the form of a volatilized
film to assist in removing occluded gases. These
operations may result in the evaporation of the electrode
metals, which tend to form conductive films on the
materials used to support and insulate the electrodes.
The cathode also will release barium metal during
pumping and activation. These films may give rise
to high-resistance leaks of variable effect due to the bad
contacts between them and the electrode supports.
Various types of ‘ umbrella” insulators have been
employed with success to obviate these effects, while
careful attention to pumping technique may also yield
beneficial results.

Again, it is found that noise may arise as the result
of ionization in the valve. At quite low pressures, of
the order of 10— mm. of mercury, these noises may
easily exceed those produced by the shot and thermal
effects, if a high grid resistance is used. They are, of

* See Reference (34). t Ibo'd.). (35), (36).

$ For a complete bibliography on valve noise, see Reference (38).
§ See Reference (39).
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course, of a similar nature, but are set up by the positive
ions resulting from the ionization of the gas.

In the manufacture of modern receiving valves having
a large number of grid electrodes with very small inter-
electrode spacing, the problem of excluding foreign
material is a very real one. A considerable quantity
of dust and fluff is normally present in the air and this
may settle on the electrodes during assembly and be
sealed in with the system. During heat treatment much
of this material will be carbonized and provide loose-
contact short-circuits in the final valve. It will be
appreciated that only one fragment of suitable shape
is necessary in a valve to render it useless for normal
purposes. Elaborate precautions have been found to
be necessary to exclude this material.

Another parasitic effect with which all users of valves
will be familiar is that of microphonic noise. This of
course arises from movements of the electrodes relative
to one another, resulting in slight changes in the
characteristics.

In filament (battery) valves the main source of
the effect is the transverse vibration of the filament
wire or strip. Much has been done to limit this
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Fig. 48.— Test for microphone noise.

vibration by the use of insulated members to contact
with the filament at intermediate points and so produce
a damping action. Each contact of this kind, however,
robs the filament of some of its heat and so limits the
number which can be used. Moreover, owing to the
small clearances used in modern battery valves, the
insulating path is necessarily short and the difficulties
of avoiding noise due to films are considerably increased.

In indirectly-heated valves the cathode is a compara-
tively nigid structure, and if the electrodes are well
bonded at the two extremities a much lower level of
microphonic response is possible than in the case of
battery valves. If the gain now be increased it will be
found that microphonic effects arise due to a cantilever
vibration of the whole system, and improvements can
be secured by reducing the flexibility and moment of
inertia of the system. In general, stiffer supports,
lighter and shorter systems, and reduced height of
mounting, are all beneficial. ¢

In the study of microphonic noises it has been found
useful to employ the apparatus shown in Fig. 48. The
valve is mounted on ‘a platform provided with two
bridges over which a steel wire passes. The output of
the valve is amplified and used to actuate a magnetic
earpiece which drives the steel wire. With correct
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phasing the system will build up to a continuous vibration
whenever the wire is tuned by means of the movable
bridge to the resonant frequency of any part of the
electrode system. The electrodes can now be examined
with a binocular microscope, when the cause of vibration
will usually be apparent.
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Fig. 49

ROBUSTNESS

The early users of radio valves were content to treat
them as delicate articles, and manufacturers generally
relied on cotton-wool methods in order to ensure safety
in transit. This method was made more than ever
necessary by the advent of thoriated-tungsten filaments,
especially when they were carbonized or of very low
current consumption.

With the general introduction of oxide-coated fila-
ments and cathodes the emissive member ceased to be
the chief factor limiting mechanical strength. Improve-
ments were secured by bonding the electrodes by means
of insulating members and by the use of thicker supports
from the glass ‘“foot” or ‘ pinch.” These changes
had the unfortunate effect of increasing the difficulties
of the glasswork, resulting in greater wastage in
manufacture. By a choice of stiffer materials such as
nichrome, magno-nickel, etc., some further improvement
was secured, but it was not until the system was sup-
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Fig. 50.—Types of locating members.

ported at the upper as well as the lower end that a real
step forward was achieved.

In the case of glass valves this was made possible by
the use of glass bulbs with specially-shaped tops,
generally known as ‘“ dome top bulbs ' (see Fig. 49).
Naturally there must be some variation in the internal
diameter of the dome portion of these bulbs, and in
consequence a great variety of methods have been used
to compensate for these variations. As shown in
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Fig. 60, these include various designs of flexible sup-
ports of mica and metal, and the use of serrated edges
designed to break off according to the diameter of the

Metal anode —{ A4 ica bridges locating

electrodes in anode

Fig. 51. —Air-cooled-anode output pentode.

bulb. In the metal-anode valves introduced in this
country in 1933 (see Fig. 51) the inside of the anode
became the supporting surface and, owing to the greater
accuracy obtainable in a metal pressing, these devices
were unnecessary.
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The ampllﬁcatxon factor (u) of a triode valve of cylmdnca.l
form is given approximately by the equation
w = apn®K

where p = diameter of grid wire, @ = clearance between
grid and anode, n == number of grid turns per unit
length, and K = a constant depending on electrode form.

It is possible, therefore, to secure the same p value
by using either a heavy wire with open pitch [(a), Fig. 52]
or a fine wire with close pitch [(b), Fig. 62]. In both
cases the characteristics will be similar in the region of
zero grid volts. As the anode voltage and grid bias are
increased, however, it will be found that in the case of
the heavy-wire grid a characteristic * tail”” will more
quickly become evident. This tail is due to a failure
of the grid to control the electron stream completely,
and will produce second-harmonic distortion in output
triodes. This effect has been dealt with earlier in the
paper.

From the point of view of the characteristic, therefore,
fine grid wires are desirable, and a compromise is neces-
sary between the mechanical and electrical requirements.

FREQUENCY LIMITATION
The maximum frequency at which a radio valve will
operate is entirely controlled by the physical dimensions,
configuration, and potentials, of the electrodes.
In the case of triodes used as sclf-oscillators the input
and output capacitances are of considerable importance.
Of greater importance, however, is the inductance of

90 —

80

|
(=]

A
o
=

o
S

Anode current,
-
<

w
=

"RG0

Anode volts

Fig. 52.—Characteristics of output triodes having grids wound with coarse and fine wires.

The strength of each individual electrode can be
greatly improved by the use of heavier-gauge metals.
In the case of grid electrodes, however, this tendency
conflicts with the technical requirements in many cases.

the electrode leads and of the electrodes themselves.
Assuming that the oscillatory circuit comprises induc-
tance only, then the wavelength can be progressively
reduced until the external circuit provides insufficient



