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PREFACE

The purpose of this book is not to add another volume
to the many excellent ones available on what makes the
vacuum tube work. Rather, it is intended to shed light
on the almost completely neglected subject of why these
versatile devices sometimes do not work.

Informed scientists and engineers have frequently
stated that the life of a vacuum tube in normal service
should exceed 5,000 or even 10,000 hours. The fact that
some of them do not last this long is well known. The
question then is, “Why do they so often give less than
their predicted or possible potential?”’

J. M. Bridges, Director of Electronics, Office of the
Assistant Secretary of Defense, speaking before the
RETMA (now EIA) “Symposium on Reliable Applica-
tions of Vacuum Tubes” at the University of Pennsyl-
vania in May 1956, said: “It has been demonstrated by
service tests that the average number of tube failures per
operating hour in two equipments of equal complexity,
having approximately the same tube complement, can
differ by as much as a factor of ten, due entirely to dif-
ferences in the thoroughness and completeness of engi-
neering design.”

If the failure rate of tubes in military equipment can
vary as much as ten to one because of circuit design alone,
what influence do maintenance practices have on over-all
reliability and failure rates? For an answer to this, we
refer to Aeronautical Radio’s General Report, Number
Two, on “Electronic Reliability in Military Applications,’
July 1957, which states: “All available evidence indicates
that this factor—the influence of maintenance personnel
—is one of the dominant causes of unreliability in mili-
tary equipments.” Later in this same report we read,
“The conclusion was reached that about one out of every
three tubes removed from military equipment was a ‘good
tube.” ”

What can we deduce from all this? It appears possible
that more effective maintenance practices can in some



instances, reduce over-all tube failure rates by as much
as 90%. Extensive military records, covering thousands
of tubes in all types of electronic apparatus all over the
world, have shown that these results are entirely possible.

It is for the purpose of pointing out those engineering
practices leading to premature tube failures, and those
maintenance practices contributing to additional failures,
that this book is written. I hope that, as a result of this
knowledge, those responsible for the maintenance and
servicing of home entertainment, business, industrial, and
military equipment will gain a new appreciation of vac-
uum tubes, so they can obtain greater satisfaction from
them in the future.

May, 1960
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Fig. 1-1. Most catastrophic failures occur early in the life of a tube.
This curve shows the longer a tube is in service, the better its
chances are against catastrophic failure.



A very common cause of glass breakage in vacuum
tubes is bent pins. When they are inserted into sockets
that tend to force them into alignment, tension is de-
veloped where the pin enters the glass. This tension in-
creases when the tube is heated and cooled. Depending on
the severity of the strain, this force will eventually cause
the glass button to break. Using a pin straightener before
inserting the tube in the socket will help minimize the
chances of this happening. Not disturbing tubes that are
functioning properly will also help reduce the incidence of
this type of failure, because it is a proven fact that merely
removing and inserting the same tube in the same socket
too many times will eventually lead to broken pins and
cracked glass.

Incorrectly designed tube sockets can cause unneces-
sary glass breakage. The sockets are supposed to have
floating contacts or inserts. These inserts may fit the pins
snugly, but they must be free to move and align them-
selves with the pin. Sometimes an otherwise well-designed
socket will be rendered dangerous to tube life by incorrect
soldering techniques. Socket inserts should never be bent
over and soldered directly to the chassis so there is no
allowance for free movement of the insert. Stiff wires
that restrict the movement of socket inserts can do the
same thing. Naturally, allowing solder to run down the
sides of the socket terminals, until it puddles at the bottom
and ‘“freezes” the insert, is to be avoided for the same
reason.

Another source of trouble, as far as glass is concerned,
are certain types of tube clamps that press upon the dome
or sides of a tube and cause differential cooling. Glass has
very low heat conductivity. If a metal ring is allowed to
contact the envelope of a tube in some way, the sharp
heat gradient which will develop at the point of contact,
between the cold metal and the hot glass, will almost
certainly result in a strain that will erack the glass sooner
or later. In fact, a favorite method of removing the neck
of a picture tube is simply to reverse this situation and
wrap a hot wire around the cold glass. It will break off
in a jiffy and leave a neat, clean edge.

Pin holes, or “star cracks” as they are called, are some-
times encountered in tubes located near very high-voltage
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sources, as in the high-voltage compartment of some TV
sets. These cracks result from high-velocity electrons
being beamed toward very small areas of the glass, re-
sulting in local heating and consequent glass strain. Often
the cause will be found in a high-voltage lead which passes
too close to the affected bulb. Or these cracks may be
caused by external arcing to the tube, as when inadequate
corona shielding is employed.

Another little-known fact about glass is that its re-
sistance changes with temperature. Where a very high
voltage and a high temperature are encountered simul-
taneously, there is danger of sufficient leakage current
developing to cause electrolysis. This is a chemical de-
composition of the glass which leads to surface damage
similar to scratches, and this in turn leads to cracked
glass. Plate caps that run very hot, or that carry high
voltage or large amounts of RF current, should be cooled
by using radiator caps with fins. A marked reduction in
glass failure will result within the usable life span of the
tubes if this precaution is taken.

HEATER FAILURES

Whenever one speaks of tube failures, the most likely
cause that comes to mind is open heaters. Like cracked
glass, this type of defect is both obvious and conclusive.
Even the nontechnical person can understand and fre-
quently identify this type of defect. But just because it is
80 common, it is often taken for granted and accepted as
a cause when it is far more apt to be a result or a
symptom.

There are three methods by which a heater can become
open. One is the result of long life and having been cycled
“on” and “off” many thousands of times. This is charac-
terized by a stretching of the tungsten heater wire which
leads to eventual fracturing. A second means of produc-
ing an open heater is to run it excessively hot and literally
vaporize the metal. When the wire finally parts, the ends
are fused and balled, making this type of failure easily
identifiable. Finally, a weld which is not properly made
can open up. This, too, leaves a very characteristic tell-tale
story. Tungsten wire does not weld to nickel, so it must
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be imbedded in the support wires. If this is done properly,
it will break before it will pull out. But if it is done in-
correctly, it will come away intact.

Thus, in analyzing tubes which have failed because of
open heaters, one can assign the cause of failure with a
high degree of accuracy. Studies of tens of thousands of
tubes returned for this cause show clearly that far more
than half of them were “burnouts.”

The most common cause of heater burnout is excessive
heater voltage. Tubes are designed to operate at a par-
ticular heater voltage. This is based upon many compro-
mises in designing the tube. All of these compromises
reach an optimum value when the tube is operated at
precisely the voltage for which it is rated. When this
voltage is exceeded by even a small percentage, the rate
at which these compromises begin to deteriorate is very
rapid. This fact is illustrated in Fig. 1-2. Equipments
operated at ten percent over the rated line voltage have
been shown to experience more than a one hundred per-
cent increase in breakdowns over a given period of time.
Tubes, when operated at ten percent above their rated
heater voltage, will suffer up to a fifty percent decrease
in heater life. A voltage under the rated value on the other
hand, while having some disadvantages as far as certain
other characteristics go, tends to increase heater life sub-
stantially.

Whenever a heater is turned on from a cold start, there
is a very high initial surge of current. This is because the
cold resistance of the heater is many times less than its
hot resistance. The surge current has a tendency to cause
the heater to convulse and stretch, and it is this effect
which leads to many premature heater failures.

Limiting Surge Current

Various means have been used to reduce this high ini-
tial surge current. Many recent TV sets have incorporated
a surge-limiting resistor having a negative temperature
coeflicient. These resistors offer their maximum resistance
when cold, and gradually decrease in resistance as they
become hotter. In this way, they counteract the opposite
characteristics of the heater. The use of these resistors
is strongly recommended by all tube manufacturers. As
12
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Fig. 1-2. Curves showing how rate of tube failure rises as heater
voltage increases.
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much as a four-to-one decrease in heater burnout rate can
be expected when surge-limiting resistors are used. Other
advantages can be obtained from their use, but these will
be discussed in a later chapter.

In the case of very large equipment using hundreds or
even thousands of tubes, it has been proven economical,
in terms of reduced maintenance costs, to allow heaters
to be left on at all times, even when not in use. There are
certain precautions that should be observed when resort-
ing to this practice, because what one gains in increased
heater life may be lost in other defects. (These are de-
scribed in the next chapter, under interface resistance.)
However, it can safely be said that reducing heater volt-
age to one-half its normal value during long periods of
standby will preserve heater life considerably, and will
not cause any additional problems, other than the very
brief delay required to bring them up to operating tem-
peratures again.

Many circuits have several tube heaters connected in
series. In quite a number of these circuits, the heater
mix is quite drastic; that is, tubes having relatively low-
wattage heaters are in series with other tubes having rela-
tively high-wattage heaters. Resistors are often shunted
across one or more heaters to equalize the currents, as
when 300-milliampere tubes are in series with 450- or 600-
milliampere tubes.

Such combinations usually result in heater warm-up
imbalance. The lower-wattage heaters will heat up most
rapidly because their mass is frequently lower than the
higher-wattage types and, hence, their thermal lag is less.
During this warm-up period, the heater voltages are not
distributed uniformly; thus, the wattages may tempor-
arily become very far out of balance. This is another form
of the current surge problem, brought on by dissimilar
warm-up times in a complex series-parallel heater ar-
rangement.

Some tubes have the same warm-up time, regardless
of their individual wattages. When these tubes are used
in a series arrangement, there will be no surge current
imbalance, because the resistance change with tempera-
ture in all tubes is the same. Thus, no one tube will light
up brightly while all the others remain cold.

14



Filamentary Tubes

Tubes of the filamentary types, such as rectifiers and
most battery or 1.4-volt types, have certain problems
unique to themselves. Among these is the one called “fila-
ment sag.” When heated, metal expands. Filaments are
usually designed with provisions to compensate for this
characteristic; however, certain precautions are required
of the user in order to make these provisions effective.

Power rectifiers may develop shorts between filament
and plate if the tube is operated for long periods of time
in the wrong mounting position. Manufacturers specify
that the tube, when mounted horizontally, shall be so
oriented that the longer axis of the plate eylinder is ver-
tical. This provides the filament with the maximum lati-
tude for sag. Not all brands of identical tube types have
the mount structure oriented in exactly the same position;
consequently, some tubes could be oriented in such a way
that even a small amount of sag will cause an arc or a
short. Remounting a socket to favor the exact filament
plane in the most commonly used tubes will result in a
significant reduction of rectifier shorts and burnouts.

An interesting problem arises when equipment using
vertically-mounted rectifier tubes is tipped up for bench
servicing. Many rectifier tube failures occur at just such
a time, especially if they have seen considerable service
and have developed a fair amount of sag already. There is
no simple solution to this problem except to recognize
that it exists and to refrain from leaving sets running
in such a position for long periods of time, as for instance,
when waiting out intermittents.

Battery-type filamentary tubes are usually designed
with a spring hook which takes up the filament slack.
In order for this spring to be most effective, it is best to
operate these tubes in a vertical position, even though
most tube manuals say they can be mounted in any
position.

There are many heater failures that appear to be simply
that and nothing more, but which in reality are the end
result of heater insulation breakdown. This is particularly
true where a relatively high heater-to-cathode voltage ex-
ists. Until a few years ago, all indirectly-heated cathode-
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Fig. 1-3. Heater-to-cathode voltage versus life. Failure rate is mini-
mum when heater-to-cathode voltage is kept within the 90-volt limit.
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type tubes had a heater-to-cathode rating of approxi-
mately 90 volts. This was based on the known limitations
of the insulating material used on heaters. There has been
no change in this material over the years, yet heater-to-
cathode voltage ratings have steadily increased. This
doesn’t make much sense—from an engineering point of
view—even though it does permit the design of many cir-
cuits not possible under the older, more conservative rat-
ings. As a result, we have far more breakdowns of this
type in the field today than we had some years ago.

Life tests on a large number of tubes have shown a very
definite relationship between the heater-to-cathode volt-
age and the length of time before a failure occurs (Fig.
1-3). For maximum reliability, this voltage should be kept
below the 90 volts (between 50 and 90 volts being opti-
mum) originally thought to be a safe maximum. Where
excessively high heater-to-cathode voltages are encoun-
tered, reduced heater temperatures will help to minimize
the damaging effect. In other words, high heater voltages
and high heater-to-cathode voltages produce effects which
are cumulative; when encountered simultaneously, heater
life will be drastically foreshortened.

Some tube types are rated to withstand extremely high
pulse voltages between heater and cathode. These tubes
are made with a special ceramic insert between the inside
of the cathode sleeve and the filament. Their voltage
breakdown point can be raised to a considerably higher
level than can be safely used for those types which use
only the heater coating itself as the insulation. However,
due to the large inert mass which this sleeve adds, these
tubes are slow in reaching a suitable operating tempera-
ture at the cathode surface—leading into another prob-
lem, namely, that of arcing.

ARCING

Arcing in high-vacuum tubes can be caused by several
things—among them lint, gas, and the drawing of large
amounts of cathode current before the cathode tempera-
ture has reached its optimum working level.

Tubes which arc destructively are usually very gassy.
Arcing produces gassing, so if we examine some of the
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more common causes of arcing, we should find some meth-
ods for reducing the premature gassing of tubes. A very
common cause of arcing is lint or other loose particles
within the envelope. These become dislodged due to vibra-
tion or handling, and then fall through the tube structure
where they become vaporized by the electron stream. This
produces a localized gas cloud which, in effect momen-
tarily reduces the spacing between elements separated by
relatively high potentials. The electrostatic stresses plus
additional electron collisions cause this gas to ionize, pro-
viding a lowered resistance path between the elements.
A heavy current follows; often, it is sufficiently strong to
physically damage the grids of the cathode, and a metallic
short develops. Gently tapping new tubes, base down, be-
fore they are installed will do much to insure that any
loose particles within the envelope will drop to the bottom
where they will do no harm. Refraining from removing
satisfactorily operating tubes for the purpose of routine
testing will also eliminate the possibility of stirring up
loose particles that may cause arcing later.

A very common cause of destructive arcing is draw-
ing maximum emission current before the cathode has
reached its normal operating temperature. This is a fre-
quent cause of damper and rectifier tube failure. What
happens is this. An indirectly-heated cathode-type tube
does not draw its plate current directly from its cathode,
but from a reservoir of electrons in the space around the
cathode. This reservoir (space charge) is supposed to stay
ahead of the plate current demands. As long as it does,
the plate current is drawn from the space charge. The
cathode supplies the space charge with new electrons to
replenish those drawn away.

The ability of the cathode to supply electrons, and hence
to replenish the space charge, depends on temperature.
When the cathode is warming up from a cold start, its
ability to supply electrons is fairly limited. This is what
is known as its region of temperature-limited emission.
If very heavy plate current demands are made on a tube
while it is temperature limited, the reservoir of electrons
will be completely swept away, leaving the cathode ex-
posed to bombardment by the heavy negative gas ions that
are always present. These negative gas ions are repulsed
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by the negative space charge when it exists, but when it
has been drawn away, there is nothing to stop the ions
from plunging violently into the cathode coating where
they erupt the surface like miniature volcanos.

The erupted cathode coating becomes vaporized in the
electron stream, and more gas ions are formed. In far
less time than it takes to describe, a gas arc has built up
and serious pitting or stripping of the cathode has oc-
curred. Quite frequently, the arc is sufficiently hot to burn
a hole through the cathode sleeve and extend on into one
of the heater folds where the arc current then finds a path
to ground, opening the heater in the process.

The cure for this situation is a fundamental one; it will
be referred to in greater detail, when specific types are
discussed in later chapters. In essence, all cathodes must
reach their optimum operating temperature at the same
time, or if this is impractical, to see that those tubes re-
quired to supply the current reach their optimum oper-
ating temperature before those tubes which draw upon
the supply. In other words, be sure the load is not applied
until after the rectifiers have reached their full operating
temperature.

Rectifier tubes become the victims of another form of
destruction which is frequently misunderstood. It has to
do with the effects of peak and average currents and their
relationship to such things as filter capacitors and their
deterioration characteristics. The average current passed
by a rectifier tube is the DC current drawn by the load.
Rarely does this current exceed the tube ratings, unless
there is a short within the set. If so, rectifier arcing will
very often occur, followed by cathode stripping or burn-
out.

It is beyond the scope of this discussion to go into the
causes affecting breakdown in other areas of the equip-
ment, except to point out that they are frequently the
direct cause of tube failure. In the case of filter capacitors,
there is that direct relationship, so they will be discussed
in terms of how they affect rectifier tube life.

The amount of capacitance used in the input section of
a filter has a very great effect on the peak current drawn
from the rectifier tube cathode. This is the intermittent
current which flows at the peak of each rectification cycle,
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replacing the current lost by the capacitor as a result of
load and leakage currents. As filters age, their internal
leakage current rises; if unused for long periods of time,
their leakage current increases. When equipment with
leaky electrolytics is turned on, the rectifier peak currents
may exceed the tube ratings by quite a margin, and it is
at these times that rectifiers are most apt to arc and burn
out. This is why so many TV sets, for example, develop
rectifier troubles immediately following a period of long
disuse, as for instance, when the owner returns from
vacation. When this happens, it would be in the customer’s
best interests if the service technician were to replace the
leaky electrolytics with new ones, thereby preventing fur-
ther tube failures the next time the set is left unused for
a few days.

Simple circuit changes which will not interfere with the
normal functions can be incorporated into the equipment
to help minimize excessive peak currents that might
otherwise destroy tubes. The principle requirement is that
sufficient resistance be added in series with the rectifier
plate to limit the peak current to a safe value. One place
to add such resistance is in series with the center tap of
the high-voltage transformer. Where no transformer is
used, the resistance can be added directly in series with
each plate.

FIXED VERSUS BIAS

While in this area of failures caused by other circuit
breakdowns, it may be just as well if we touch upon two
other prime sources of tube failures and their appropriate
cures. Various types of equipment make use of some form
of fixed bias, either for reasons of economy or because of
some supposed improvement in performance. Whatever
the reasons may be, this form of operation is regarded as
very hazardous and unreliable by most tube people. The
reasons have been copiously stated before, but they ap-
parently require restating periodically.

Fixed-bias operation magnifies the inevitable minor
differences between vacuum tubes. It provides no built-in
margin of safety in the event of circuit or tube malfunc-
tions. When trouble does develop in a fixed-bias circuit,
20



due to a deficiency in an associated component or the tube
itself, the results are usually quite destructive. The alter-
native — cathode bias — provides increased tolerance of
characteristic variables and an automatic degenerative
action which inhibits runaway conditions, thus helping to
reduce destructive breakdowns.

One should not assume that fixed-bias operation is lim-
ited to only those applications that come under the head-
ing of high-power equipment. It is becoming common in
many of the latest hi-fi and stereo amplifiers, and several
TV sets incorporate this type of circuit in their AGC
circuits. These will be dealt with specifically in the chap-
ter devoted to UHF and VHF tubes and their special
problems.

Another form of fixed-potential operation which is a
frequent cause of tube failures is fixed-screen operation.
Not only does this also tend to magnify small variations
in tube characteristics, but it likewise provides no safety
factor in the event of other component malfunctions. For
example, if plate voltage is removed from a tube operated
from a fixed-screen supply, the screen current will rise to
the point where the screen will probably run red hot.
This will cause destructive gassing of the tube, vapori-
zation of protective materials from the screen, and per-
haps warping and shorting of the elements. The use of
screen-grid dropping resistors provides current degener-
ation with its many benefits, including greater tolerance
to tube variables, built-in runaway protection, plus a
variable gain characteristic that will lead to longer, more
satisfactory tube life.

In the foregoing paragraphs, the many causes for sudden
and disastrous tube failures have been pointed out. It has
been shown that the great majority of them can be mini-
mized—if not eliminated entirely—by thoughtful design
considerations, or by simple maintenance and modification
procedures. The incorporation of these principles into ex-
isting equipment has been demonstrated to have reduced
catastrophic failures by several hundred percent. This
means that far more tubes lived long enough to wear out.
The subject of why tubes do wear out eventually, and how
their time of usefulness can be lengthened, is the subject
of the next chapter.
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CHAPTER 2

DEGENERATIVE FAILURES

There are several factors which contribute to the slow
but eventual deterioration of all vacuum tubes. In sepa-
rating them into specific topics for discussion, we must
keep in mind that these factors are often interrelated.
In fact, they seldom occur separately. However, one is
usually more pronounced than the others, and therefore
the prime cause of failure can be attributed to that spe-
cific factor—even though the others may have contributed
their share in bringing tube life to an end.

GAS

High on the list of phenomena which contribute to tube
failures, and which are of an evolutionary nature, is gas.
The presence of gas in a tube does not necessarily mean
it has reached the end of its useful life, or its life expect-
ancy will be less than some other tube. This is one of the
common assumptions frequently made by those who pre-
sume to “test” tubes in the field.

To illustrate the point, tubes have been manufactured
without getters. Using conventional “grid testers,” these
tubes were very ‘“gassy.” Yet, when placed in controlled
life tests and compared with similar tubes that had getters
but showed little or no gas indication, these so-called
“gassy” tubes outlived and outperformed their more nor-
mal mates.

Why should this be so? The answer is not well under-
stood, even by tube engineers. It is apparent that there
can be harmless gas conditions as well as those that are
harmful. It is obvious that all gases are not harmful to
tube life, because some tubes are made with certain gases
in them, gases that are essential to their proper function-

22



ing. These tubes live long, trouble-free lives when prop-
erly used.

Without attempting to identify the specific forms of
harmful gassing, we will discuss those conditions which,
as learned through experience, leads to relatively early
gas evolution and shortened tube life. Elevated heater
temperatures, brought on by high heater voltages, have
long been looked upon as a prime cause of premature gas-
sing. This may be the result of the liberation of water
vapor bound in the heater insulation, or it may only be a
contributary cause since raising the heater temperature
increases the temperature of every other part of the tube.
This will cause gas evolution from other areas, as will be
pointed out shortly.

High cathode current density is known to contribute to
early gassing. Possibly, this is because the higher current
increases the formation of ions, thereby making the meas-
urement of the gas easier. Or it may be that the heavier
electron stream produces increased cathode temperature,
especially in localized areas, and thereby releases more
gas into the tube.

Operation of screen grids and plates at elevated tem-
peratures has long been associated with early gas form-
ation. It is possible that this is caused by the evaporation
of some of the relatively volatile materials used in coating
these elements. In order to help reduce the temperature
of screens and plates, they are frequently coated with such
substances as carbon, thereby increasing their capacity
to radiate heat. However, these same substances can be
very harmful to tube life if they become volatilized due
to excessive heat.

GETTERS

This brings to mind the question of why certain tubes—
power tubes used in some of the older RF applications
specifically—consistently ran with red plates. Why didn’t
these tubes gas up immediately ? Well, the answer is that
there are a few tubes which are designed to run with red
hot plates, and running them this way actually extends
their life. This is because these tubes contain a substance
(carbon or zirconium) for combating the evolution of gas,
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and this substance works most effectively when it is hot.
When plates are made of carbon, or coated with zirco-
nium, they will absorb gases which are evolved by other
parts of the tube and will entrap them in a chemically
inert state, provided they are run hot enough. However,
this is not true of most small tubes. In fact, precisely the
opposite effect takes place in tubes having the charac-
teristic silvering or blackening on their sides or tops.

These “getters,” as they are called, are patches of evap-
orated metal which have adhered to the inside of the glass.
Their purpose is to absorb gases which evolve during
the life of the tube. They work best when warmed by the
normal bulb temperature, but can be evaporated by ex-
cessive bulb temperature. Thus, not only will they add
their own vapors to the gas content of the tube, but in so
doing, they will release any gases which they may have
entrapped.

Getters show certain physical changes when they are
worn out, or when they have been subjected to excessive
temperatures. A tube which has an air leak will have a
milky white getter. This is obviously a bad tube. Tubes
with getters which are thin, and which are discolored or
“washed out” at the edges, have undoubtedly seen exces-
sively high temperatures and are a poor risk, even though
they may be working quite satisfactorily at the time.
Even a few new tubes may show small, poorly defined
getters. These may indicate shelf deterioration and may
represent poor risks in critical sockets.

While on the subject of new tubes, it should be pointed
out that some increase in gas content can be expected in
tubes which have not been operated for long periods of
time, whether new or old. Performing gas tests on such
tubes without adequate preheating may lead to false con-
clusions. After a short period of operation, the apparent
gassy tube may clean up completely, due to getter action
becoming more active when heated.

Perhaps the most effective means for preventing pre-
mature gassing is the control of bulb temperature. This
subject is so important that it will be treated in much
greater detail in a subsequent chapter. It is sufficient to
point out here, however, that all the heat generated within
the tube must find a way out, or the tube and its elements
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Fig. 2-1. Ambient bulb temperature has a marked effect on tube life.
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