Chapter 5

GRID-CONTROLLED TUBES —
STATIC CHARACTERISTICS

If a grid is placed in front of a thermionically emitting cathode and if the
current drawn from the cathode is space-charge-limited, the voltage applied
to the grid can be used to control the current drawn from the cathode. A
triode vacuum tube consists of a cathode, a control grid, and an anode.
Usually, a dc bias voltage is applied to the control grid to make it negative
with respect to the potential minimum and thereby reduce the interception
of the electron beam by the grid. By superimposing a small ac signal on the
de bias voltage, the beam current can be modulated with little expenditure
of power. AC power amplification is then obtained by causing the ac cur-
rent flowing in the anode circuit to pass through a load resistance or im-
pedance of suitable size.

Additional grids also may be inserted between the control grid and anode.
Generally, these are held at fixed potentials, but in some cases their control
action on the beam is used to mix signals from independent sources. A
tetrode has a control grid and a sereen grid, whereas a pentode has a control
grid, a screen grid, and a suppressor grid.

Usually the screen grid in a tetrode is biased at a fixed positive potential
with respect to the cathode. Its shielding action between the anode and
control grid reduces the capacitance between these electrodes and hence the
coupling between the output circuit and the input circuit. In addition, the
current reaching the anode of a tetrode is determined largely by the voltages
applied to the control grid and screen grid and is nearly independent of
anode voltage over a wide range of positive anode voltages. This is an ad-
vantage when high-voltage amplification per stage is required.

Many tetrodes are constructed with a large spacing between the screen
grid and anode so that space charge in the interelectrode space will depress
the potential between the electrodes and prevent secondary electrons
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150 PRINCIPLES OF ELECTRON TUBES

emitted from one electrode from reaching the other. The large spacing also
reduces the output capacitance of the tube, and this is an advantage in
high-gain, broadband amplifiers.

In the pentode, the supressor grid is inserted between the screen grid and
anode. It is of a very coarse mesh, and usually it is biased at cathode
potential. The suppressor grid depresses the potential between the screen
grid and anode and thereby prevents secondary-electron exchange between
these electrodes.

In the present chapter we consider the de behavior of triodes, tetrodes,
and pentodes. The mechanical construction and performance of one ex-
ample of each of these tubes is described. In Chapter 6 the use of grid-
controlled tubes in simple low-frequency amplifier circuits is described, and
in Chapter 7 the problems and limitations of grid-controlled tubes when
operated at very high frequencies are discussed.

As in the previous chapter, we shall use the subscript o to designate de
electrode voltages and currents. Thus V,, and I, are the de anode voltage
and current.

5.1 A Particular Triode and its Electric Field in the Absence of
Space Charge

In this section we first describe the electrode geometry and construction
of a particular triode, the Western Electric 417A. Then we consider the
electric fields in the interelectrode space of this tube when various potentials
are applied to the electrodes, and when no space charge is present. The
electrical characteristics of the 417A with space-charge-limited operation
are described in Section 5.2.

The construction of the 417A is shown in Figure 5.1-1. This is an example
of a triode in which the grid is mounted very close to the cathode to increase
the effectiveness of the grid voltage in controlling the current reaching the
anode. The tube is used in the input stage! of a broadband amplifier which
amplifies signals with frequencies varying from 58 to 90 Mc/sec.

Table 5.1-1 summarizes the important dimensions of the 417 A electrodes.
The cathode area is 0.38 cm?

The cathode consists of a short length of nickel tubing that is flattened to
provide two planar emitting surfaces. The wall thickness of the tubing is

IActually two tubes are used in a “cascode’” stage. Triodes are preferred for the
input stages of high-gain amplifiers because they generate less noise than tetrodes and
pentodes. Since the noise generated by the input stages is amplified by all the remaining
stages, the noise output of a high-gain amplifier is much reduced by using low-noise
tubes in the input stages.
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Fia. 5.1-1 The construction of the Western Flectric 417A triode. The overall
height of the tube is 4.4 cm.

TaABLE 5.1-1
Millimeters
Grid wire diameter... ............. ... ... ... . 0.0074
(or 0.00029 inch)
Grid pitch, P (or center-to-center spacing of the grid wires).... ... 0.065
Cathode-to-grid spacing, dog. . ......... ... 0.045
Cathode-to-anode spacing, dea. . ... ... 0.58

0.075 mm. A “double-carbonate” oxide coating is applied to the emitting
surfaces.

The grid is made by winding tungsten wire onto a molybdenum frame and
then brazing the wire to the frame with a small amount of gold. The high
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tensile strength of tungsten permits winding the grid wire onto the molybde-
aum frame while it is under appreciable tension.? This ensures that the
resonant frequency of the grid wires is high and minimizes the tendency for
mechanical excitation when the tube is vibrated. Vibration of grid wires in
grid-controlled tubes is a principal source of “microphonics.” After brazing
the grid wires to the frame, the grid assembly is gold plated to raise its work
funetion. This reduces thermionic emission from the grid wires, which
would otherwise take place when the grid is heated by thermal radiation
from the cathode.? :

The anode, or “plate,” of the 417A is made of nickel which is coated with
fine carbon particles in order to increase the heat radiation from the outer
surface and thereby reduce the anode operating temperature. Under
typical operating conditions, a power of 3.5 watts is dissipated in the anode,
and the anode temperature is between 500° and 600°C.

Let us consider now the potential obtained in the interelectrode space of
the 417A when various voltages are applied to the electrodes and when no
space charge is present. It is convenient to think of the potential as being a
linear combination of two separate potential functions, which we shall
denote Fi(z,y,2) and Fa(z,y,2). Fi(x,y,2) is the potential obtained in the
interelectrode space when the grid is at +1 volt, and the cathode and anode
are at ground potential. Fu(z,y,2) is the potential obtained when the anode
is at +1 volt and the grid and cathode are grounded. Clearly the functions
F, and F, satisfy Laplace’s Equation, and so does any linear combination of
them. In particular, the linear combination given by V(z,y,2) = Vel +
V ..F; satisfies the boundary conditions for the case in which the cathode is
at ground potential, and the grid and anode are at V,, and Vo, volts, re-
spectively. Since it also satisfies Laplace’s Equation, it must be the poten-
tial function actually obtained with these boundary conditions.

Let us look more closely now at the functions F; and F». Figure 5.1-2(a)
shows a plot of equipotential contours of the function F; in a portion of the
interelectrode space of the 417A.4 Figure 5.1-2(b) shows plots of F1 along
two lines running from the cathode to the anode; one line passes through
the center of a grid wire, and the other passes midway between grid wires.
Figures 5.1-2(c) and (d) show similar plots for the function F.

2About half the breaking tension of the tungsten wire is used.

iGrid emission tends to bias the grid in the positive direction. This increases the
beam current and the power dissipation in the tube, which in turn raises the grid operat-
ing temperature and further aggravates the situation. In an extreme case, with a very
high resistance in the grid circuit, a tube with high grid emission can be destroyed by
excessive power dissipation in its electrodes.

4Plots such as this can be made with the aid of an electrolytic tank. See, for instance,
Reference 4a, p. 180. Analytic expressions for Fi and F: are given in Reference 5.1,
Equations 1 to 4. Approximate expressions are derived in Appendix IX.
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Fia. 5.1-2 Plots of the functions F, and F for the interelectrode space of the 417A.

At the cathode the function 7, has a slope of 176 volts/em for the 417A,
whereas the function F, has a slope of 3.8 volts/em. The ratio of these
electric fields is called the electrostatic amplification factor and is desig-

nated pe,. Thus
aF,
i
Mes = orF,
or

z=0

e

(5.1-1)
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where ¢ measures distance in the direction normal to the cathode and is zero
at the cathode. For the 417A, p,, = 176/3.8 = 46.

The electrostatic amplification factor measures the relative effectiveness
of the grid and anode in creating an electric field at the cathode surface. In
fact, a second definition of x.. which follows directly from Equation (5.1-1)
is that u., is minus the ratio of the anode voltage to grid voltage which gives
zero electric field at the cathode. Finally, since electric fields can be super-
posed, we can write

aVa,

Hes = —
dVgo tant electric field at the cathode

(5.1-2)

where dV,, and dV,, are incremental changes in the anode and grid voltages
which give zero change in the electric field at the cathode.

Figure 5.1-3 shows plots of V = V,.F1 + V,.F. in the region of the
cathode and grid of the 417A for an anode voltage of 100 volts and three
values of ¥, For the particular geometry of this tube, a grid voltage of
—2.2 volts gives nearly zero electric field at the cathode. Using the second
definition of the electrostatic amplification factor, given above, we find that
tee = 100/2.2 = 45.5, or approximately 46, in agreement with the value
previously obtained using Equation (5.1-1). If the grid voltage is changed
by 1 volt with constant anode voltage, the electric field at the cathode
surface changes by

9F,

% o = 176 volts/em

Thus, we can expect that the control action of the grid voltage upon the
current drawn from the cathode with space-charge-limited operation will be
considerable.

From the foregoing discussion it is evident that the electrostatic amplifi-
cation factor is entirely a function of the geometry of the electrodes. In
Appendix IX it is shown that an approximate expression for the electro-
static amplification factor of a planar triode is given by

o = ——— 20 (5.1-9)
Pln (2 sin ﬂ)
P
where d, is the grid-to-anode distance, P is the grid pitch, and R is the
grid-wire radius. The expression is valid when the cathode-to-grid spacing
d,; 2 P and when R < P/20. The electrostatic amplification factor is
independent of the area of the electrodes, but it increases as the grid-to-
anode distance is increased. It also increases if the grid-wire radius and
grid pitch are decreased in such a manner that the ratio of wire radius to

F1e. 5.1-3 Plots of V = V. F1 + VuF in the region of the cathode and grid of the
417A for V, = 100 volts and V,, = —3.4, —2.2, and —1.0 volts.
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pitch is maintained constant. (The ratio 2R/P is sometimes called
the screening fraction of the grid because it indicates the fraction of the
electrode area which is screened or shadowed by the grid.) Note that
Equation (5.1-3) indicates that p., is independent of the cathode-to-grid
spacing. Also given in Appendix IX are expressions for the functions F;
and F. which are valid when d., > P and when R < P/20.

Since V = V,JF1 + V,.F2, we can express the gradient of potential in
the z direction as

v _ . oF oF,
o = Ve T Ve
or,
_ oF 1 ox
ey Vo + V‘"’B_Fl (5.1-4)
or
At the cathode, the potential gradient is therefore given by
| | (vi+ L)
ax z=0 - ax z=0 VW+ es (51-5)

Thus the off-cathode field in the absence of space charge is proportional to
the voltage (V,o + Vao/ues). We shall find in the next section that the
electrical behavior of a triode in the presence of space charge is dependent
upon a voltage which is very nearly equal to (Vo + Vao/ties)-

5.2 The Triode with Space Charge

Grid-controlled tubes are almost always operated with the current drawn
from the cathode space-charge-limited since only then is it possible for the
grid to act effectively as a control electrode. If the cathode emission were
ideally temperature-limited, the ecurrent drawn from the cathode would be
independent of the grid voltage for all grid voltages at which temperature-
limited emission prevailed.

Figure 5.2-1 shows the grid and anode “characteristic curves” for the
417A triode. These curves give the relationship between the current reach-
ing the anode and the voltages applied to the grid and anode. The grid of
the 417A is generally “biased” negatively with respect to the potential
minimum to prevent it from intercepting the electron beam.

The circuit designer is frequently concerned with the small-signal behav-
ior of the active devices in his eircuits and consequently with the slopes of
the curves relating the currents reaching the terminals of a device to the
voltages applied between the terminals. In the case of the triode, the small-
signal behavior of the tube can be described in terms of the slopes of the
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characteristic curves. Two parameters which are derived from these slopes

are the transconductance and the dynamic anode resistance, or dynamic

plate resistance. The transconductance is denoted by® gm and is defined as
dl,, _ 91,

O = AV ouly., = 3V, G21)

"Sometimes by Sp.
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where I,, is the dec anode current. The dynamic anode resistance, denoted
by 74, is defined as

_dVa| _ Ve

7 (5.2-2)
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The product of g and 7, is called the amplification factor and is denoted by p.
Thus

U= gula (5.2-3)

The amplification factor also can be expressed in differential form, similar
to the expressions given above for ¢, and r,. Suppose that V,, and V,,
undergo differential changes dV,, and dV,, at a time when the tube is draw-
ing anode current I,,. The resulting change in anode current is given by

dIao = alao dVﬂo +

aVaa
= gudV 4 + r_adVao (5.2-4)
Now if dV,, and dV,, are such that dI,, = 0, then
Guds = —gg—:: . (5.2-5)
and hence
e~ N (5.2-6)

The amplification factor x is usually approximately equal to the electro-
static amplification factor u.,. Comparison of Equations (5.1-2) and (5.2-6)
makes this approximate equality seem reasonable.

Figure 5.2-2 shows plots of the transconductance, the dynamic anode re-
sistance, and the amplification factor of the 417A for various values of grid
voltage and anode voltage. Evidently the transconductance increases with
increasing anode current, the amplification factor is nearly independent of
anode current, and the dynamic anode resistance decreases with increasing
anode current. Typical operating conditions for the 417A are given in
Table 5.2-1.

Consider the dependence of the anode current on the electrode potentials.
It is found experimentally that an approximate expression for the current
drawn to the anode of a triode is

L. = C(V,,., + I;) (5.27)
where C' and n are constants. Values of n generally lie between 3/2 and 2,
but in some cases may be as high as 5/2. The expression is found to hold
even for small positive grid voltages, provided the anode voltage is much
greater than the grid voltage. The dependence of the anode current upon
the voltage V,, 4+ Vao/u is perhaps not surprising, since we found in the
last section that the off-cathode field in the absence of space charge is pro-
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portional to Vg, + Vao/ue, and we have noted in the present section that
B == Hhes.

In a triode in which the grid is well beyond the region of the potential
minimum, the anode and grid combine to create a field on the grid side of
the potential minimum which is approximately proportional to V. + Vi,./p.
For such a triode we would expect from the discussion given in Section 4.2
that a value of n equal to 3/2 would be applicable in Equation (5.2-7), and
the anode current would vary as (Vo + Vao/w)*2

The constant, C in Equation (5.2-7) can be evaluated for a planar triode
in which n = 3/2 in the manner outlined below. Let us first assume that
the grid is removed and the tube is operated as a space-charge-limited diode.
From Equation (4.1-9) the current drawn to the anode would be

. Vao3/ 2
dcnz

where d., is the distance from the potential minimum to the anode, and 4 is
the cathode area. Solving for V,,, we obtain

I, =233 X 10™ A (5.2-8)

% L B 5.2-0
- [m] . (624)

Next let the grid be inserted at a distance d., from the potential minimum,
and let the applied grid voltage be that which was present in the beam at the
same location before the grid was inserted. A plot of the potential distribu-
tion between the potential minimum and the anode for these conditions is

POTENTIAL >

90

0 deg dca
DISTANCE FROM POTENTIAL MINIMUM ==

Fia. 5.2-3 The potential distribution in a space-charge-limited triode with the grid
at beam potential.
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shown in Figure 5.2-3. The applied grid voltage under these circum-
stances is given by

Voo = | sz g, 0 (5.2-10)
1233 X104 | ° :

With the grid at the potential of the surrounding beam, some of the beam
current is intercepted by the grid wires. However, if the grid-wire diameter
is much smaller than the grid-wire spacing, this interception will be a small
part of the total anode current.

Substituting the above expressions for V,, and V,, into Equation (5.2-7)
and setting n = 3/2, we obtain

I Iao ca“3 32
= Cogrseal o+ | (621D,
from which
2.33 X 10784
C = =" (5.2-12)
l:du«t/s + = ]
Finally, the anode current can be expressed as
—6 3/2
7, = 2:33 X 107°A(Vio + Vool ) (5.2-13)

1/d. \" P
2 = =<
dw [1 + #(dca> ]

This last equation states that the current density drawn from the
cathode of a planar triode is the same as would be drawn by a planar diode
having a cathode-to-anode distance of

d \s T34
°"[1 + (d) ]

and an applied anode voltage of V,, + V../u. Replacing

d 4/37]8/4
00[ 1 + (dcg) ]

by d., where d. is called the equivalent diode spacing of the triode, Equation
(5.2-13) becomes I,, = 2.33 X 10784 (Vo + Vao/u)*?/d2 The distance
d, is a function of the tube dimensions only; it is always greater than d,,
and frequently less than 2d,,.

As the grid is moved closer to the cathode, the potential V,, 4+ V,o/u
affects not only the electric field on the anode side of the potential minimum,
but ¢t affects the potential at the minimum. The dependence of the anode
current upon the voltage V,, + V.,,/u then increases, and accordingly the
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exponent n in Equation (5.2-7) increases. For many “close-spaced”
triodes, that is, triodes with small d,,, n is more nearly equal to 2 than 3/2.
Figure 5.2-4(a) shows a plot of I, vs. (Vo + Vao/u) for the 417A triode.
From the figure it can be seen that a value of n equal to 2 is appropriate for
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Fia. 5.2-4 Plots of 1,0 vs. (Vo + Vao/w) for the 417A triode and the 300B triode.

this tube. Figure 5.2-4(b) shows a plot of I, vs. (Vo + Vao/u) for the
Western Electric 300B triode in which the cathode-to-grid spacing is ap-
proximately half the cathode-to-anode spacing. Clearly, » = 3/2 is ap-
propriate for this tube.

To determine the relative positions of the grid plane and the plane of the
potential minimum in the 417A, we have plotted in Figure 5.2-5 the poten-
tial in a planar diode in which a current density of 0.071 amp/ecm? passes
the potential minimum.® Such a current density might be typical of that
passing the potential minimum in the 417A. A cathode emission current
density of 0.5 amp/cm? and a cathode temperature of 1025°K are assumed.
The position of the grid wires in the 417A is shown in the figure. The plane

¢The method for obtaining the potential plot is described in References 5.2 and 5.3.
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of the grid wires is about three times as far from the cathode as the plane of
the potential minimum. Of course, the potential on the grid side of the
potential minimum in the 417A would be much different from that shown
by the dashed curve in Figure 5.2-5, because the grid bias voltage depresses
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Fia. 5.2-5 The potential in a planar diode in which the current density passing
the potential minimum is typical of that used in the 417A.

the potential in the region of the grid wires, and the potential midway
between grid wires is much higher.

From Figure 5.1-3 it is evident that in the absence of space charge the
potential over a plane which lies one third of the way out from the cathode
to the grid wires is not uniform. Consequently, when space-charge-limited
conditions prevail, we would expect the potential at the potential minimum
would be slightly higher at points opposite the center of the opening be-
tween grid wires than directly under the grid wires. This means that the
current passing the potential minimum is lower directly under the grid
wires, and, if the grid voltage is made increasingly negative, the current
passing the potential minimum will first cut off directly under the grid
wires. This phenomenon is called Inselbildung or “island building.” Some
consequences of Inselbildung are described in Reference 5.1. Inselbildung
effects become particularly important when small grid-to-cathode spacings
are used and when the ratio of grid pitch to grid-to-cathode spacing is large
(of the order of 1 or greater).

In Chapter 6 it is shown that high transconductance is needed for high
gain in an amplifier stage. Let us therefore proceed to examine what
factors affect the transconductance of a tube. Clearly, the transconduct-
ance is directly proportional to the cathode area A. An expression for the
transconductance can be obtained by differentiating Equation (5.2-7) with
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respect to V. Thus

aIaa _ Vua n—1 _ I_‘_‘_" {(n—/n
on = S = Cn(v,,,, + L ) - Cn< C) (5.2-14)

Since both I,, and C are proportional to the cathode area A, g. is propor-
tional to 4, as we would expect. Furthermore I,, = JA, where J is the
current density drawn from the cathode. Consequently

gm ¢ JDIn (5.2-15)

For n = 3/2, gn = J3, and for n = 2, g, o< J'2. Figure 5.2-6 shows a
plot of transconductance for the 417A triode vs. cathode current density.
The normal operating point is marked with an X. In the neighborhood of
this point it can be seen that g, is approximately proportional to J'2
whereas at lower current densities g, is proportional to a higher power of J.

The transconductance of a grid-controlled tube also increases as the
distance between the grid and cathode is decreased, except at very small
grid-to-cathode spacings, where Inselbildung effects become important.
Figure 5.2-7 shows values of g./J' /24 vs. d., for several Western Electric
tubes with small grid-to-cathode spacings and for a current density of 0.02
amp/cm? For most of these tubes, g, is approximately proportional to J/?
at cathode current densities in the neighborhood of 0.02 amp/em? The
points appear to be distributed about a line with slope —1, indicating that
gm o 1/dg,.
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A theoretical upper limit to the transconductance that can be obtained
from unit area of the cathode is reached when the grid is located at the
potential minimum and when the grid wires and pitch are sufficiently small
that the potential over the plane of the minimum is equal to that of the grid.
From the discussion given in Section 2.4, it follows that the anode current
under these circumstances is

Too = J oA eVool T (5.2-16)

where J, is the cathode emission current density, A is the cathode area, and
V40 is the grid bias voltage, a negative number. By differentiating this with
respect to V,,, we obtain

1)

Iao

- el
I = 5v,,

kT

= JoA e oht = (5.2-17)
Thus, in this theoretical upper limit of the transconductance of a grid-
controlled tube, the transconductance is directly proportional to the
current density J = I../A drawn from the cathode. (Note that J, is the
cathode emission current density, and J is the current density passing the
potential minimum.) The ratio g./I., is equal to 11,600/T mhos/amp.
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Figure 5.2-8 shows a plot of transconductance vs. grid-to-cathode spacing
for the Western Electric 416B triode, described in Chapter 7 (Section 7.4).
The transconductance reaches a maximum of 0.075 mho when the grid-to-
cathode spacing is about 0.012 mm, and at still smaller spacings the trans-
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Fig. 5.2-8 Transconductance vs. grid-to-cathode spacing for the 416B triode
described in Chapter 7.

conductance falls because of Inselbildung effects. The anode current for
each of the experimental points was 0.03 amp, and the cathode temperature
was close to 1025°K. Using these values in Equation (5.2-17), we find that
the theoretical maximum transconductance is 0.34 mho. This is about 4.5
times the maximum observed transconductance, although the plane of the
grid at maximum transconductance is approximately coincident with the
plane of the potential minimum. It is probable that if a finer grid wire and
smaller grid pitch were used, the theoretical maximum transconductance
would be more nearly attained. However, the grid wire used in this tube is
about as small as present technology permits.

In the 417A the grid is about three times as far from the cathode as the
plane of the potential minimum. In consequence of this, the transconduct-
ance of the 417A is a still smaller fraction of the theoretical maximum.
Typical values for the anode current and cathode temperature in the 417A
are 0.027 amp and 1025°K. Substituting these values into Equation
(56.2-17), we obtain a theoretical maximum transconductance of 0.31 mho,
as compared with an actual transconductance of about 0.025 mho.

Since the plane of the potential minimum is always extremely close to the
cathode, the control grid in most grid-controlled tubes is located well be-
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yond the potential minimum. However in high-performance tubes, high
transconductance is achieved by moving the grid closer to the potential
minimum, generally at the expense of more difficult assembly procedures
and higher cost.

Two more parameters that affect the transeconductance are the grid-wire
diameter and the grid pitch. At small grid-to-cathode spacings, the trans-
conductance increases if both these quantities are reduced in such a manner
that the screening fraction, or the ratio of the wire diameter to the pitch, is
kept constant. An “open” grid structure, or small screening fraction, is
usually desirable, since otherwise the beam current would be reduced, and
the transconductance per unit area would be less. Often a pitch of between
4 and 10 times the grid-wire diameter is used. In many close-spaced, high-
performance amplifier tubes the grid-wire diameter is chosen to be as small
as is practicable from the standpoint of mechanical fabrication of the grid
structure, and the grid pitch is then set to obtain maximum transconduct-
ance per unit area of the cathode, having due regard for limits imposed by
the available cathode current density, the available electrode voltages, and
the permissible electrode heat dissipation.

The following points will summarize our discussion about the trans-
conductance of a triode:

1. The transconductance is directly proportional to the cathode area A.

2. The transconductance is proportional to a power of J which is of the
order of 1/3 to 1/2 in practical cases.

3. The transconductance for a given J increases as the grid is moved
closer to the cathode, until Inselbildung effects become important at very
small grid-to-cathode spacings. When the grid is well beyond the potential
minimum, the transconductance often varies approximately as 1/d,.

4. At small grid-to-cathode spacings, the transconductance increases if
the grid-wire diameter and pitch are reduced in such a manner that the
screening fraction is kept constant.

The amplification factor is independent of the cathode area 4, and it is
almost independent of the cathode current density J (see Figure 5.2-2).
Like the transconductance, the amplification factor increases if the grid-
wire diameter and pitch are reduced in such a manner that the screening
fraction remains constant. The amplification factor also increases as the
grid-to-anode distance is increased.

Figure 5.2-9 shows the values of u, gn, and 7, for a number of commereial
and Western Electric grid-controlled tubes used in low-power amplifier
applications. The code numbers of the Western Electric tubes begin with
the numbers 3 and 4. Values of u for triodes typically vary from 5 to 100,
values of g, vary from 0.002 to 0.05 mho, and values of r, vary from 10? to
10* ohms.
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5.3 Tetrodes and Beam-Power Tubes
(a) Tetrodes

In the tetrode, a second grid, known as the screen grid, is inserted be-
tween the control grid and anode. The screen grid is usually of a coarser
mesh than the control grid and is operated at a fixed positive voltage with
respect to the cathode. It serves three principal functions:

1. It reduces the capacitance between the control grid and anode and
hence the coupling between the input circuit and the output cireuit.

2. In Chapter 6 we show that the input capacitance of a grounded-
cathode triode amplifier stage is given by C.; + (1 4+ K)C, where C., is
the cathode-to-grid capacitance, C,, is the grid-to-anode capacitance, and
K is the voltage gain of the stage. Since K may be a fairly large number, a
small capacitance between the grid and anode may cause considerable
shunting of the input signal at higher frequencies.” When a tetrode or
pentode tube is used in a grounded-cathode amplifier stage, the shunting
effect of the grid-to-anode capacitance is small, because Cy, is small, and
consequently much higher input impedances are possible.

3. Over a range of positive anode voltages the current reaching the anode
of a tetrode is determined almost entirely by the voltages applied to the
control grid and screen grid and is nearly independent of the anode voltage.
This means that the dynamic anode resistance of the tetrode is high, and
this is an advantage in obtaining high gain per stage. In Chapter 6, the
gain of a simple amplifier stage without feedback is shown to be gnRL/
(1 + Rp/r.), where R. is the load resistance and 7, is the dynamic anode
resistance. (See Equation (6.3-7).) Clearly, high r, is desirable where high
gain is needed.

Figure 5.3-1 shows a cross-sectional view of the Western Electric 448A
tetrode. Figure 5.3-1(c) shows a few of the grid wires and the relative
spacings of the electrodes. Notice that the distance from the cathode to
the screen grid in this tube is comparable with the distance from the cathode
to the anode in the 417A. (See Figure 5.1-1 for comparison.) The 448A
is used in a multistage amplifier which amplifies signals ranging in fre-
quency from 58 to 90 Me.

“Certain grounded-cathode triode circuits provide for ‘neutralization’” of the grid-
to-anode capacitance (Reference 5.4, p. 468), and much higher input impedances can
be obtained. However, these circuits usually require careful adjustment of the circuit
components in each stage if nearly complete neutralization is to be obtained. The
grounded-grid circuit shown in Figure 6.3-5 has a much smaller capacitance between
the anode and input circuit because the grid acts as an electrostatic shield. However,
this circuit has a relatively low input impedance, of the order of 1/g= in parallel with
Rx. See Section 6.3.
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Fi16. 5.3-1 The construction of the Western Electric 448A tetrode. The overall
height of the tube is 4.8 cm.

The cathode of the 448A is a flattened nickel sleeve with a “double-
carbonate” oxide coating. The control-grid wires are made of tungsten
which is gold plated to raise its work function and reduce grid emission.
The screen grid is also made of tungsten, but the wires are coated with fine
carbon particles to increase heat radiation and reduce the operating tem-
perature of the wires. The anode is made of carbonized nickel. The carbon-
izing increases the heat radiation from the outer surface and reduces the
anode operating temperature. It also reduces secondary-electron emission
from the anode.

Figure 5.3-2 shows the characteristic curves for the 448A. The screen-
grid voltage is indicated by V... Notice that the grid characteristics with
Veo = Vo are quite similar to the grid characteristics for a triode. The
anode characteristics show that I,, is nearly independent of V,, over a
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range of positive anode voltages extending from well below screen-grid
voltage to +200 volts or higher. Typical operating conditions for the 448A
are given in Table 5.2-1.

Figure 5.3-1 shows that there is a large spacing between the screen grid
and anode in the 448A. This serves two purposes:

1. With a large spacing, space charge between the screen grid and anode
depresses the potential in the interelectrode space so that secondary
electrons emitted from the anode are prevented from reaching the screen
grid, and secondary electrons from the screen grid are prevented from
reaching the anode. Without the potential depression, the current flowing
in the anode circuit would be highly dependent on the relative voltages
applied to the screen grid and anode, and the performance of the tube in
an amplifier circuit would be seriously limited.

2. The large screen-anode spacing also reduces the output capacitance
of the tube. The output capacitance is the capacitance between the anode
and all other electrodes except the control grid. In Chapter 6 we shall find
that a small output capacitance is desirable for tubes used in high-gain,
broadband amplifiers.

Let us now look more closely at the potential between the screen grid and
anode in the 448A. If we assume that the electron motion is normal to the
plane of the electrodes and if edge effects are neglected, the potential be-
tween the screen grid and anode satisfies the one-dimensional form of
Poisson’s Equation,

BV _ _p_ __J

dzx? € e 29V

where J is the beam current density passing through the screen grid, and x
is the coordinate of the point at which V is determined. The potential ¥
is measured relative to cathode potential, and the coordinate x is measured
in the direction normal to the electrodes. Solutions of this equation cover-
ing four ranges of anode voltages V., are given in a paper by Fay, Samuel,
and Shockley.® Figure 5.3-3 shows plots of these solutions for conditions
which apply to the screen-anode space of the 448A. The four solutions of
Fay, Samuel, and Shockley are described under separate headings below:

(6.3-1)

Solution A. V4, < 0. In this case the potential decreases monotonically
from the screen grid to the anode, but the shape of the potential is modified
by the presence of space charge in the interelectrode space. At the point
where the potential becomes negative, essentially all the electrons reverse

8Reference 5.5.
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screen grid-anode spacing of 5 mm, and a beam current density of 0.0268 amp/cm?.

These are approximately the conditions that apply in the screen grid-anode space of
the 448A tetrode under normal operating conditions.

the direction of their velocity and return to the screen grid. There is no
space charge beyond this point. The anode current for this solution is, of
course, zero.

Solution B. 0 < V,, < V1. Here the anode voltage is positive, but a
“virtual cathode” with potential ¥ = 0 exists between the screen grid and
anode. Since the electrons are emitted from the true cathode with a range
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of velocities, the faster electrons pass the virtual cathode and reach the
anode, while the remaining electrons reverse the direction of their velocity
at the virtual cathode and return to the sereen grid. The fraction of electrons
passing the virtual cathode is determined by the applied anode voltage.
When V,, = 0, essentially all the electrons are returned to the screen grid.
As V,, is increased from zero, the fraction of electrons passing the virtual
cathode increases until at some voltage V5, all the electrons pass the virtual
cathode, and the potential distribution suddenly changes to that of Solution
C described below. (Note that 0 < V,, < V; is a necessary but not suf-
ficient condition for Solution B to prevail, as discussed below.)

Solution C. Va < Voo < V5. Here the anode voltage is positive, and
space charge between the electrodes depresses the potential in the inter-
electrode space so that there is a plane of minimum potential at some point
between the electrodes. The potential at the minimum is greater than
zero and less than either the screen or anode potential. All the electrons
passing through the screen grid reach the anode when this solution prevails.

If the anode voltage is increased from zero through the voltage V,, the
potential distribution changes abruptly from the ‘‘virtual-cathode” dis-
tribution of Solution B to the “potential-minimum” distribution of Solution
C. If the anode voltage is then lowered through the voltage V3, Solution C
prevails until some lower voltage V. is reached. Lowering the anode voltage
still further causes the potential distribution to change abruptly to the
virtual-cathode solution. This “hysteresis effect’”” in which there are two
possible solutions to the potential distribution in the interelectrode space
for anode voltages between Vi and V., can be observed in a number of
tetrode vacuum tubes. Of course, the anode current is less than the full
beam current when Solution B prevails.

The position of the plane of minimum potential of Solution C moves
closer to the screen grid as the anode voltage is increased. When V,, = V3,
the plane of the potential minimum coincides with that of the screen grid.

Solution D. V,, > V3. Here the potential increases monotonically from
the screen grid to the anode, and all the electrons reach the anode, as in
Solution C.

In normal operation of the 448A, Solution C prevails. From Figure
5.3-3 it can be seen that, when V,,, = V,, = 125 volts, the potential
minimum is about 18 volts below the screen and anode voltage. This po-
tential depression greatly reduces the exchange of secondary electrons
between the anode and the sereen grid.

There are several sources of error involved in the use of Equation (5.3-1)
and the solutions of Fay, Samuel, and Shockley to obtain the potential in
the interelectrode space of a tube such as the 448A. First, edge effects are



176 PRINCIPLES OF ELECTRON TUBES

neglected. Second, many of the electrons that pass close to the screen-
grid wires as they enter the screen-anode space are deflected by strong
local fields close to the screen-grid wires, so that the motion of these elec-
trons is certainly not entirely in the x direction. Finally, from Figure
5.3-1(b) it is evident that the spacing between the screen grid and anode
of the 448A is comparable with the linear dimensions of the cathode of the
448A, and consequently we would expect that the beam would spread as it
travels between the screen grid and anode.

(b) Beam-Power Tubes

A second class of screen-grid tubes, known as beam-power tubes, also
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F16. 5.3-4 The construction of the Western Electric 350B beam-power tube. The
overall height of the tube is 14 cm.
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makes use of a large screen-anode spacing so that the space charge of the
electron beam depresses the potential between the screen grid and anode,
and secondary electrons from one electrode are prevented from reaching
the other. Figure 5.3-4 shows the construction of the Western Electric
350B beam-power tube. Notice that each screen-grid wire is directly
opposite a control-grid wire. This construction greatly reduces the inter-
ception of the electron beam by the screen grid, since the negative bias
on the control grid causes a “shadowing’” of the sereen-grid wires from the
beam. In beam-power tubes an additional electrode, called a “beam-
forming electrode,” is located near the edge of the beam and held at cathode
potential. This electrode also helps to depress the potential between the
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Fi1e. 5.3-5 The grid and anode characteristic curves for the Western Electric 350B
beam-power tube.
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screen grid and anode, but the principal cause of the potential depression
in the region of the beam still arises from the space charge of the electron
beam. The beam-forming electrode also prevents secondary electrons
liberated from the anode from reaching the screen grid by means of paths
outside the incident beam.

Typical operating conditions for the 350B are given in Table 5.2-1. The
grid and anode characteristic curves for the 350B are shown in Figure 5.3-5.
Note that the ratio of anode to screen-grid current is 8.9:1 for the 350B,
whereas the same ratio for the 448A is 2.8:1.

The transconductance of a tetrode or beam-power tube is determined
largely by the electrode geometry in the region between the cathode and
the screen grid. However, it is reduced by the division of beam current
between the screen grid and the anode. Often the interception of the beam
current by the screen grid reduces the transconductance by 10 to 30 per
cent over what it would be if the screen grid and anode were connected.
The transconductance of the 350B is much lower than that of the 448A,
principally because the 350B has a relatively large spacing between the
cathode and control grid, and the distance between the control-grid wires is
larger.

Figure 5.2-9 shows the g, g, and r, of a number of tetrodes and beam-
power tubes. The transconductances of tetrodes and beam-power tubes fall
in about the same range as those of triodes. However, the amplification
factors of tetrodes are about an order of magnitude greater than those of
triodes because of the shielding action of the screen grid.

5.4 Pentodes

Still another approach to the problem of eliminating the exchange of
secondary electrons between the anode and the screen grid is that used in
the pentode. Here a third grid, known as the suppressor grid, is inserted
between the screen grid and anode. The suppressor grid is usually biased
at eathode potential and therefore does not intercept any of the beam. Its
pitch, or center-to-center wire spacing, is large, so that the potential at
mid-point between grid wires is always well above cathode potential. In
this way, most of the electrons that pass through the screen grid also pass
through openings between suppressor-grid wires and travel on to strike the
anode. However, the suppressor grid causes sufficient depression of the
potential between the screen grid and the anode that it stops virtually all
exchange of secondary electrons between these electrodes.

The pentode is by far the most widely used grid-controlled tube. Its
advantages include high gain per stage and low grid-to-anode capacitance.
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The construction of the Western Electric 403A
Figure 5.4-1. The electrode structure of this tube
6AKS5, a commercial code, and we shall refer to the

pentode is illustrated in
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tube as the 403A/6AK5

in subsequent discussion. The suppressor grid is located relatively close to
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Fia. 5.4-1 The construction of the 403A/6AK5 pentode
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As in the tetrode, the transconductance of a pentode is determined
largely by the electrode geometry in the region between the cathode and
the screen grid and is reduced by the division of beam current between the
screen grid and anode. Pentode transconductances are therefore of about
the same magnitude as those of triodes and tetrodes. However, the ampli-
fication factor and dynamic anode resistance of a pentode tend to be even
higher than for a tetrode because the suppressor grid provides added shield-
ing between the anode and cathode. Pentode amplification factors usually
lie between 10° and 10%, whereas the dynamic anode resistance usually falls
between 0.1 and a few megohms.

PROBLEMS

5.1 Show that the electrostatic amplification factor u., of a planar triode is given
by

Mes =

Ces
where C., is the capacitance between the grid wires and the cathode, but does not
include the capacitance between the leads and electrode supports, and C., is the
capacitance between the cathode and anode electrodes, but does not include the
capacitance between the leads and electrode supports.

5.2 Equation (5.1-3) indicates that the electrostatic amplification factor u.
depends upon the grid-wire diameter, the grid pitch, and the grid-to-anode spacing.
However, it is nearly independent of the cathode-to-grid spacing d.,, provided d.,
is large enough that the electric field at the surface of the cathode is uniform over the
cathode surface. Can you explain qualitatively why p.. should be nearly independ-
ent of d.,?

5.3 An amplifier is constructed with two triodes in parallel. For the particular
set, of voltages applied to the electrodes, the dynamic characteristics of one tube are
gm1, Tai, 80d g, and those of the other tube are gms, 72, and p». What are the gu,
74, and u of the parallel combination?

5.4 A particular beam-power tube has a dynamic anode resistance of 200,000
ohms at a control-grid voltage of V,, = V), a screen-grid voltage V. = V3, and an
anode voltage V4, = V.. If the screen grid is connected to the anode and the tube is
operated as a triode, the dynamic anode resistance is 10,000 ohms with V,, = V;
and Vg = Vo = Vi For a particular application the screen grid is used as the
control electrode and the control grid is maintained at a constant bias voltage V..
The screen grid and anode operating voltages are V.. What is the transconductance
of the tube using the screen grid as control electrode under these conditions?
Assume that the screen-grid wires are ideally shielded behind the control-grid wires
so that there is essentially zero current intercepted by the screen grid. Note that,
for incremental variations in the applied potentials, the incremental change in anode
current can be expressed as

3l 3l Al

alg = aV—WdV,., + dem + aV.,,dV“
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