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Simmiary 

One means of increasing vacuum tube life and at the same time 
decrease filament power supply requirements, heat dissipation problems, 
and d-c drift, is to operate the vacuum tube with reduced filament supply 
voltage. If the tube is operating well below temperature saturation, which 
is the case for the majority of circuits other than power amplifiers, the 
effect of reduced filament power will be to decrease the initial velocity 
of electrons emitted from the cathode. This reduces the magnitude of the 
charge at the virtual cathode, and increases the charge density at the 
grid, which decreases the velocity of electron flow through the grid. 
By creating an imaginary cathode, called an ima.ge cathode, which is 
located behind the real cathode, and defined as the plane from which the 
electrons appear to be emitted, the principles of electrostatics can be 
applied to determine the effect of lowered cathode temperature upon 
amplification factor. As the cathode temperature decreases, the charge 
of the virtual cathode decreases, and the distance from the real cathode 
to the image cathode decreases. The apparent grid to cathode distance 
has thus been decreased and amplification factor goes up. 

This is experimentally verified by tests on a 6C4 triode and 
a 6AG5 pentode. The effects of decreasing filament voltage upon μ, rp, 
and Gm are plotted. It is shown that β increases, rp increases, and üjn 
decreases. The actual gain that may be achieved in a voltage amplifier in
creases. Increases in gain of 1·5 times have been measured when the fila
ment voltage was decreased from 6.3 volts to 3·0 volts. 

Introduction 

It is often said that the main disadvantage of any electronic 
device is that it contains vacuimi tubes. One of the most important objec
tives of modern electronic design is to keep the nimiber of vacuum tubes 
necessary to perform a certain function to a minimum. This is not always 
done for reasons of economy alone. Often it is done only to increase 
reliability. At the present timé a great effort is being made to develop 
devices which will replace the vacuum tube. However, notwithstanding the 
recent advances in magnetic circuits and transistors, it appears likely 
that the vacuum tube will continue to play a dominant role in electronic 
design for many years to come. 

Some of the common faults found with vacuum tubes are: short 
life spans, d-c drift of operating potentials, and high filament power 
requirements. In electronic computers and other devices employing great 
numbers of vacuum tubes, tube failures occur often and greatly reduce the 
time such equipment is available for useful work. Another problem con
fronting the electronic designer is the dissipation of filament heat. 
Elaborate cooling systems are sometimes necessary. 
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One method whereby the average life expectancy or a vacuum tUDe 
could be increased and the filament power drain could be reduced, would be 
to operate the vacuum tube at lower cathode temperature by reducing the 
filament voltage. An immediate objection is that the tube would not be 
able to handle as much power. This is quite true, but the majority of tubes 
are not operated as power. amplifiers nor at high plate currents and often 
filalnent voltage may be reduced considerably before temperature saturation 
occurs. Another question that arises is what effect reduction in cathode 
temperature will have on the operation of the vacuum tube as a circuit 
ele;nent. A very common belief among electronic engineers is that the 
amplification factor of a tube decreases as it is cooled. According to 
electrostatic analysis,l amplification factor ~ is a constant which depends 
only on tube geometry. Therefore, ~ should be independent of filament volt
age. Actually neither is correct. Not only does ~ vary with temperature, 
but it can actually be increased by decreasing filruaent voltage. 

Theoretical Discussion 

By noting the effect of cathode temperature on electron flow 
and potential distribution, a possible explanation for the increase in 
amplification factor may be obtained. 

First consider a diode consisting of a plane cathode and a 
parallel anode or plate. The electron density and the potential at any 
point in the interelectrode space are related by Poisson's equation, 

where p is the electron charge density, in coulombs per cubic meter; eo 
is the permittivity of space; and E is the potential in volts. Assuming 
that the electrons emitted from the cathode have zero initial velo-
cities, the potential distribution for various cathode temperatures is shown 
in Figure 1. At the lowest temperature, Tl, which is too low for cathode 
emission, the potential distribution curve is linear, since for zero charge 
density 

and 

2 
d E - 0 
~-

dE 
dx 

= constant. 

At the higher temperatures, T2 and T}, the charge density is not zero. 
These curves will be concave up since 

is positive. Curvature increases with larger value of p resulting from 
higher temperatures. 

Consider next a triode consisting of parallel plate, grid, and 
cathode elements. Figure 2 illustrates the potential distribution when the 
cathode is cold, so that no electrons are emitted and the tube is free from 
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space charge. The dotted line describes the distribution when the cathode 
is hot, emitting electrons, and causing a space charge to exist. The upper 
solid line in Figure 2 represents the space-charge-free potential along a 
path midway between adjacent grid conductors. The lower solid line repre
sents a path through the center of a grid conductor. When the cathode is 
heated, the escape of electrons moves the negative charge outside of the 
cathode where it becomes space charge. The flow of space charge is plate 
current. 

The total amount of space charge is proportional to the slope of 
the space-charge-free curve at the cathode and is, therefore, determined by 
grid potential. It can be shown-̂  from the theory of electrostatics that this 
slope is proportional to an equivalent voltage containing grid and plate 
potentials. This voltage is 

(Eg ^ ̂  ) 

which is the grid potential that would produce the same electrostatic field 
at the cathode if the plate potential were zero. Thus, an equivalent diode 
may be derived with a plate potential of 

(E, . 2fc ) 

located at some point between the grid and plate of the triode. This is 
shown graphically in Figure 3· 

Plate current as a function of plate voltage at different cathode 
temperatures for a theoretical diode is shown in Figure 4· At the lower 
values of voltage before the curve flattens out, the plate current.is 
related to plate voltage by the Langmuir-Childs or Three-Halves-Power La\v. 
For a diode 

3 

and for a triode 

b g μ 
In this range the current is said to be space charge limited, since there 
are more electrons available from the cathode than are needed, and the 
current is lijnited only by the space charge. After the curve breaks, the 
current is temperature limited and the Langmuir-Childs relationship is re
placed by Bushman's^ equation. In a practical diode, the plate current-plate 
voltage r^ationship is more like that shown in Figure 5· Tlie change from 
space charge saturation to temperature saturation is gradual, and after 
temperature saturation the current continues to rise slightly with plate 
voltage. The effect is particularly noticeable with oxide-coated cathodes. 
Below temperature saturation, deviations from the Three-Halves-Power Law, 
which states that plate current is independent of temperature, are apparent. 
These deviations are caused by the initial velocity of electrons leaving the 
cathode. Electrons emitted from a hot cathode leave the surface with an 
average velocity that is a fiinction of temperature. It is this fact that 
is ignored in the electrostatic analysis. 
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An effect of initial velocity of the electrons is to create a 
negative dip in the potential distribution curve, as in Figure 6. The 
bottom of this dip may be thought of as a virtual cathode located at a 
small distance from the real cathode and possessing a more negative 
charge. The point of zero potential gradient shifts to the bottom of this 
dip. Electrons that succeed in passing this point do so with a finite 
velocity. The effect is to increase the apparent anode voltage, which 
increases the current flow. 

Langmuir-'- has developed an expression which approximates the 
current flow between parallel planes when initial velocities give rise 
to such a virtual cathode. 

lb = 2.331 X 10-6 (Eg , E^)2 1 -H 2.66 ( E T ) 

(Es " ^ ) 
where: s = spacin?^ between cathode and anode or, in a triode, 

spacing between cathode surface and intersection of 
space-charge-free and space-charge-flow lines. 

Es = anode voltage for a diode, or equivalent anode 
voltage, -sdE/dx at χ = 0, for a tiode. 

Xjyi = distance of virtual cathode from the cathode in cm. 

Err̂  = potential of virtual cathode (always negative). 

E t = voltage equivalent of temperature =• T/ll,600. Τ in ^κ, 

A more complete solution in terms of dimensionless parameters is 
also presented by Langiiuir,^ whereby it is not necessary to know E^ and X j ^ 
before may be found. An analysis of these results shows that Ein is not 
alvrays small; it can become significant at lower values of plate current. 

An approximate solution for plate current flow between cylindri
cal elements is _ 

Eg - + I E t (log 2Ea) δ 3E t 
^b = ̂  

s 

This equation is derived from the approximation that the effect of initial 
velocity is to reduce the space charge at any point by the ratio 

( V E x - I E t ) | 

where 3Ετ/2 is the voltage corresponding to the average initial energy of 
the electrons in a radial direction. 

Consider now the effects of increased cathode temperature on the 
parameters discussed above. When the cathode temperature of a triode vacuum 
tube is increased slightly, the velocity of electrons emitted from the cath
ode is increased. The voltage, E¿̂ , of the virtual cathode will increase. 
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The location of the virtual cathode, for all practical purposes, remains 
at the surface of the cathode. The velocity of electron flow through the 
grid will increase due to the decrease in charge density, p, since velo
city is equal to current density/charge density. 

These effects seem to be equivalent to what would occur if the 
zero potential curve of Figure 3 were extended beyond the plane of the 
cathode until it intersects the potential of the virtual cathode at an 
imaginary plane, which could be called an image cathode. This is the 
plane from which the electrons apparently are emitted. Figure 7 illus
trates the location of the image cathode. Also, it is evident that 
the relative spacing between grid and cathode has increased in a greater 
proportion than between plate and cathode. This, of course, leads to the 
conclusion that the amplification factor of the tube has been reduced. 
Conversely, operation of a vacuum tube at reduced temperatures should re
sult in increased grid control over electron flow and an increase in ampli
fication factor. 

Experimental Results 

A medium.μ miniature triode, the 6C4, and a sharp cut-off pentode, 
the 6aG5, were selected for the purpose of measuring the effects of fila
ment voltage upon their characteristics. Both of these tubes are designed 
to operate from 6.3 volt filament supply. Mutual conductance and plate 
resistance were the quantities that were directly measured. Mutual conduct
ance was detenained from the relation 

= ^Ib 
dEg I Eb 

and plate resistance from 

r = ^ 
^ 3lb 

The incremental variations in Eg for the meas\u?ement of Gĵ , and in Eb for 
the measurement of rp, was obtained from a 1000 cycle square wave generator. 

For the triode, Gjn, rp, and μ, as a function of plate current at 
various filament voltages, are shown in Figures 8, 9, and 10 respectively. 
Amplification factor was computed from the relation, M= gm rp. For the 
pentode only and rp are plotted, since μ is not commonly used in pentode 
circuit analysis. Figures 11 and 12 are Gm and rp respectively, as a func
tion of plate current for various filament voltages. Figure 13 is rp 
plotted against grid bias. 

Table I illustrates how the 6C4 will operate as a voltage ampli
fier at different filament voltages. These values were computed from the 
curves and experimentally verified. The point of operation was arbitrarily 
chosen at one milliampere of plate current. At lower values of plate cur
rent, below the range of the experimental curves, even greater differences 
in amplification resulted from changes in filament voltage. The greatest 
increase in amplification obtainable was approximately 1.5· 
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In Table II, the voltage gain of the 6aG5 is shown for various 
filament voltages. Here too, even greater increases in gain result frcxa 
reduction in filament voltage when the tube is operated at lower plate 
currents· 

Conclusions 

In a vacuum tube which is operating below temperature saturation 
the effect of decreasing the filament supply voltage is: to increase the 
amplification factor, to increase the plate resistance, and to a lesser 
extent decrease mutual conductance. The overall result in a voltage ampli
fier is to increase the gain. Increases of 1.5 in voltage amplification 
have been measured by operating at approximately one-half rated filament 
supply voltage. 

It is the opinion of the author that further study will reveal 
that operation of vacuum tubes with reduced filament supply voltages has 
a beneficial effect upon such important factors as: tube life, drift of 
d-c amplifiers, tube noise, and stability of dynamic characteristics. 
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Table I, Gain of Triode Amplifier (6C4) 

Ef Z l lb Voltage 
volts rms ohms ma Gain 

6.3 lOOK 1.0 10.2 

4.0 lOOK 1.0 10.6 

3.5 lOOK 1.0 1 1 . 1 

3.0 lOOK 1.0 12.6 

Table II, Gain of Pentode Amplifier (6AG5) 

lb Voltage 
volts rms ohms ma Gain 

.6.3 1 meg 1.0 950 

5.0 1 meg 1.0 975 

4.0 1 meg 1.0 1010 

Fig. 1 
Ihe potential distribution between plane-parallel 
«lectrodes for various cathode temperatures. 

Fig. 2 
Pote"litial distribution for a parallel 
plane triode. 
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Fig. 3 
Potential distribution for a parallel plane 
triode showing anode location for an equi
valent diode. 

Fig. il 
Ideal high vacu\im diode characteristics. 

Practical high^vfcuán diode characteristics. 
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Fig. 6 

Potential distribution between parallel 
plane electrodes illustrating a conditi 
of space-charge limited current flow 
giving rise to a virtual cathode. 

5ii 



Figure 1 . Potential dlatributlon of a parallel plana triode 
showing location of image cathode* 
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