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COMPUTER EXPERIENCE IN EXTENDIRG TUBE LIFE

by
Edwin 5. Rich

ABSTRACT .

Ap effective improvement in the 1ife and reliabllity of re-
ceiving-type vacuum tubes has been obtained on the Whirlwind Computer
Project at M.I.T. by applying a combination of three principles:

(1) using only those tubes which have been determined to have a good
1ife expectancy, (2) avoiding operating proceduree that are detrimental
to tube life, and (3) choosing circuit designs which as far as possible
are inseneitive to chanpes in tube characteristics.

Procedures for tube selection have been worked out along two
iinee, the firet to predict whether cathode-interface deterioration
will occur and the second to detect tubes with mechanical weaknesses
or improper processing. The formation of an interface; wrich produces
the effrct of a parallel resiptance~capacitence network in the cathode
circuit of a tube, was first obeerved on the Project in early 1948; it
is the most serious type of deterioration that has bsen encountered. it .
hag been found that & 500-hour life test at an elevated cathode tempera-
ture on & sample of tubes from a given production let is a satisfactory
method for determining whether tubes from that lot will remain essentially
free of interfece deterioration for several thousand houre of nommal
operation. Before final selection of tubes ie made, exch tube is pre-
burned for about 100 hours. This tends to stabilize plate current as
‘well as te precipitats failures that would result from mechanical dew
fects or gas wvithin the tube.

To extend -the 11fe of the tubes selected for use, cantious
operational procednres are observed. In particular, the tubes are not
loft for extended periods with heater voltage alone arplied, since this
conditicn promotes the formation of cathode interface., Since the tubes
mgt be turned on and off daily, heater voltage BT applied and re-
moved gradually over automatically controlled S«minute cycleg to reduce
thermel shock te the filaments. :

As a final consideration, wide operating margins hove been
provided in the circult designs both with regard to tube performance and
to dissipation ratings. Records of the performance of selecied tubes
over a period of more than 10,000 hours show that they bave a life ex-
rectancy considerably greater than would be predicted by most deslgn
engineers. . ,
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INTRODUCTION

A widespresd impre=gion among desisn engineers, including those
in the electricd fleld, ig that of all the common electronic components
‘the receiving-type vecuum tube is the least dependable. Consequeantly
if equipment is to be uilt in which reliability is an important con-
slderation, there is a strong tendency to avoid electronic circuits if
poseible. '

Of course, the vacuum tube is the most complicated of the
cirecait compoments to comstruct, Wt wky shonld not a vacuum tube be as
reliable a8 other precision devices, for example, a watch? A partial
anewer is that the mejority of the commercially available tubes are nof
preciaion products but are 1ike inmexpensive watches intended primarily
for a large number of congumers who are interested mainly in economy
rather than dependability. In addition, the finel steps in the mamufac-
ture of receiving tubes invoive chemical processes over which there is
no direct control, 80 that variation among %ubes 18 inevitable-

#rom the ongineering point of view, extending tube life is only
g part of the problem. Actuelly it iz the 1ife of the circuit of which
the tube is a part that is important. One way of extending circuit life
is to select only those tubes which will not feil within a specified
lLength of time. In thie way circuit life is extended without changes in
tube production techniques. Tube life itself may be extended in some
cases by observing certain precmutions in operating the tubes. A com-
bination of these twe procedures, careful selection and cautions use,
has been su€fessfully employed by FProject Whirlwind to obtain improved
© 1ife and reliabilisy from slectronic circuita.

EINDS OF TUBE FAILUPES

The question of what changes take place as tubes age has %o
be answered before adequate selection methods can be worked out. Experience
bag shown that tube feilures may be roughly classified as followe:

1. Change in characteristics
‘2. HMechanical defecty

3, Gas within the tube

4. Heater burn-out

5. Physical damage.

The firet of these is a bread claseification covering décrseses
in emission, change in cutoff, etc. Such changes are usually the result
of deterioration of the cathode structure in the tube. Mechanical de-
fecte and rise of gas pressure within the tube can be attributed to



fanlty corstruction and processing. Some of these cannot be detected

by ordinary testing methods until the tube has beern in use for some time.
Heater burn-out may be induced by repeated sudden spplication of full
voltage to the filament, which makes the initial heating of the fiia-
"ment non-uniform, o0 that stresses are set up which weaken the structure
and hasten its failure. FPhysical dsmege, of course, 1ie largely acci-
dental. It includes euch cauges as breakage and inadvertent epplica-

tion of excessive voltages. The careful selection and operating pro-
cedures used on our project have reduced the incidence of failures in

all of these classes.

CHANGKS IN CHARACTERISTICS

Changes in characteristice which take vlace over a long period
of use cause the majority of tube failures, so I should like to devote
most of my remarks to this vroblem. TFigure 1 showse the circuit of a
simrle pulse amplifier used to amplify and invert & vositive rectangular
pulse. An analysis of the action of this circuit may be made simrly
by considering that the control-grid bias ig suddenly changed from ons
congtant value to another..Neglecting what occurs during the trensi-
tion period, it 1s obvious that the vlate current which flows in the
tube should likewise Jump from the value corresponding to ome grid
voltage to that corresponding to the new grid vcltage. The waveform of
the vlate current may be examined on a suitadle cathode-ray tube syn-
chroscope by observing the voltage developed across the plats load
resistance. Figure 2 shows a tyrical waveform obtnined with a new
tube. The duration of this pulse ie 2.5 microseconds and the transi-
tions take vlace in about 0.05 microsecond. The vertical deflection of
about four divisioms corresponds to a rlate current of less than 2 per-
cent of the peak space»charge»limlted emigesion for this tube-

An example of one type of deterioration which takes place in
some tubes is gshown in Figare 3. This is the waveform of plate current
prediced by an aged tube using the same grid signal as for the preceding
figure. Initially the current jumps to approximately the same value as
for a new tube, but then it decays exponentially to less than one-third
of its initia)l value. When such a tube ie checked on a standard tube
tester, readings corresponding to the reduced value of plate currsni
are obtalned. The evidence, then, is that the tube has lost some of its
emitting capabilities, although actudly the pulse test shows that this
ie not the case. These remults indicate that a type of deterioration
other than the claseical decay in emipeion takes place, but the two
~ phenomena cannol be distinguished by the static measurements obtalned
with a commercial tube tester,,

The waveform of Figure 3 would result if a —arallel resistance-
cepacitance combination were present in the cathode circuit of the tube.
Trig circult is illustrated in Figure 4. TInitially the cathode-to-ground



voltage is zero, bui during the pulee the capacitance becomes charged

to cause an affective negative bias between grid and cathode. Flate
current thersfore fells off as a reeult of this bias voltage. Approxi-
metbe values faor the effectlive resistance and capacitance can be debter-
mined from measurements of the decrease in plats current and of the iime
conatant for its decey. Reslglance values up to a few bundred ochme gnd
cgpacitances of the order of 0.0l miernfarad ars typical. Time-constants
for the decay fall in the range from 0.% %o (0.8 microsecond. Considered
in terms of frequency response, this circuit in an amplifier stage would
act as an unbypassed cathode resistance except at frequencies greater
than 200 or 300 kilocycles.,

l

CATHODE INTERFACE

_ A thesry which accounts for the effeects I have just described
1w that as the tube ages an interface layer is formed between the cathods
sleeve and its oxlde soating; this layer being a chemical combination
of active retals and impurities in the cathode structure. This is il-
ifustrated in Figure 5. The presence of such a layer actually intreduces
a physical resistance-capacitance network into the cathode eircuit of
the tubs, This theory was suggested to us by Prof. W, B. Nottingham of
" the Physics Department of M.I.T. Previously Dr. Albert Eisenstein,
working at the M.I.T. Radiation Laboratory during the war, had studied
the formation of interface in magnetrons which was causing voltage break-
down in their gathodes,

Cur first ocbservations of cathode-interface deterioration
were made over fwo years ago, when circuits became inoperative after
the tubes had been in use for about 1500 hours. The tubes concerned were
high-transconductance pentodea. The results of initigl tests were pub-
lished in a project report in June 1948, Since that time similar effects
have been observed in other types of tubes, both pentodes and tricdes.
Some of the more significsnt characteristics of this type of deterioration
are the following:

L., The rate at which deterioration occurs is substantially
faster if the tuba is operated st a low dnty factor rather
than as & Class "A" amplifiar. In some cases, 500 te 1000
hours ig sufficient for a low-dnty-factor circuit to be-
come inoperative. At first it was thought that the inter-

" face formation occurred only at low duty factors. Controlled
life tests in which some tnbes were completely cut off
while othere pasead current continucusly showed that the
decay effects appear in both cases, although it takes a
congiderably longer period of operation in the latter.



2. Deterioration is faster at elevated cathode temperatures,
- Tests in which tubes were operated at heater voltages of

8.0 volts instead of their normsl 6.3 volts showed th:t
the rate of Interface formatlon increased by pbout one
order of magnitude. Data taken on one tube type has indicated
that a 500~hour test under such conditions is suitable for
predicting that a given lot of tubes will remaln esgentially
free of interface effects for several thousand hours when
operated under rated conditions.

3. A relatively high percentage of silicon impurity in the
cathode sleeve, such as is found in the so-called "active"
cathodes, causes raepld deterioration. This hasg been con-
.firmed by spectrographic analyses of the cathode structures
of both new end detericrated tubes and by life teete on
gpecial lote of tubes in which active, nommal, and passive
alloys were uged for the cathode sleeves. These alloys
~are distinguished mainly by thelr silicon contents, the
active alloy baving the highest silicon content and the
vassive having the lowest. It is not true that use of
cathode alloys with low silicon contents will guarantes
freedom from this sort of decay since some lots of tubes
with euch alloye have shown deterioration while others
have not. This implies that impurities necessary for inter-
face formation may come from other sources within the tube
envelope, s8¢ that both the selection of materials used in
the tube construction and the methods of processing the
tube may be important manufacturing considerations.

4. Some characteristics tynical of semi-conductors have been
~obgerved. In particular, the resistance component shows
a negative temperature coefficient; that is, the effectivs
resistance Present is less for higher cathode temperatures.
Since high cathode tmperature speeds the formation of inter-
face, 1t is obvious that overetion in this menner is not a
practical method of minimizing interface effects. However,
the use of subnormal heater volages during tests for tha
presance of interface doee increaase the sensitivity of the
measurement., :

Cathode interface formation hae been the most frequemt type
of deterioration encountered on the vroject. By choosing tubes which
are known to be constructed with low-silicon-content cathode sleeves,
and by operating samples of erch production lot for 500 hours at elsvated
heater voltages and testing them for interfacee, it 18 possible to select
tubee which can be expected to be reasonabdbly free of this type of deteriora-
tion for several thousand hours of 1i“e. The assumption that, in general,
the same characteristics armear 1n all tubes of a given production lot
seems to be & valid one, since it has besn substantiated by historicai
records which we have complled during the past two years on & few thousand
tubes .



PREBURNING

Other gelection procedures are used for showlng up gome short-
tine changes in tube characteristice and for picking out some tubes
which have mechanical defects or are gaesy, but which satisfactorily
passed their initial tests. Those tubes w'ich pass the initial tesis are
preburned for a period of about 100 hours. - A steady current is passed
through the tubes. s0 that the plates and screens operate between one-half
and full rated dissipation. Then before being selected for use all
tubee are thoroughly checked by tests similar to those listed in JAR
specifications. The roet important function accomplished by preburning
1e the stadilization of rlate curremt. Changes in plete current of 10
%0 20 percent during this period are not uncommon in some tube.types.
Usually the drift is in the downward direction and is most rapid during
the first 10 or 20.hours. Srifts in contact potentials and variations
in cathods activation contridute to these changes.

Exarples of mechanical defects which may not be observadble until
the tube has been in operation for a short time are warping or sagging
grid structures, poor welds, and cracked glaese envelopes. Aleso included
in t*is classification are monentary shorts between electrodes which re-
sult when the envelove is tarred lightly. In several cases it was found
that these tap shorts were caused by foreign.matter such as lint within
the tube. For many applications tap shorte are not objectionable, but
in circuits which are sensitive to pulses; a tap short may cause a
transient which will be transmitted through the system as erroneoue informa-
tion. Since a conventional neon-lamp tester does not give a positive
indication of such storts, a special thyratron trigger eircuit was
built for detecting the defective tubes.

OPRATION PPECAUTIORS

Obviously, the effective life of tubes in a given circuit can
be increased by using on'y those tubes which have been selected for long
life, but it cen be further increased by observing certain precautions
in their operation. It has been noied that low-duty-cycle conditions are
the most unfavorable because they promote formdtion of cothode interfaces.
Therefore extended periods in which heater voltage elone is aprlied
are avoided whenever possible. In the Whirlwind system this is accomplished
b turning hezter voltages on and off daily. To reduce thernal shock
to the heaters, voltage is apnlied and removed gradually over gutc-
metically controlled S-mimite cyclee, It is felt that this yrocedure
has greatly reduced the danger of heater burn-outs usually present when
full voltage is applied suddenly. 1In a sy<tem of over 3000 tubes which
is turned on and off each day, only one such tube failure has oceurred
in about nine months.

OFEPATING RXPTRIENCE

Unfortunately no life dats are available on tubee which were
not carefully selscted, so that a quantitative evaluation of the effachive-.
wess of the nrocedures [ have 3ascoribed zannot be made. However, an



examination of the performance of some selecied tubes over a veriod of
10,000 hoursg shows that they have a life expectancy cousiderably greater
than would be predicted by most design engineers.

Figure 6 ghows the 1ife characteristics of three tyres of itubes
operating in ty—-ical computer circuits which are being used to study
system reliadility. The 6AS6 and 7aD] tubes were purchased from commercial
productions, while the TAK7 tubes are special pilot-plant production.
The curves are vlots of percentage of tubes remaining agelnst hours of
service, It can be seen th: t for both the 7JAK7 and the 7ADT] typres, more
than 65 percent of the tubes remain in operation after 10,000 hours.

It should be pointed out that a tube failure does not imply a concurrent
operational failure of the system. In fact the majority of the tubes
retired were removed because of changes in characteristics which were
detected by periodic testing of the type which win be described by Mr.
Sapoer in his paper on marginal checking.

The fect that the CAS6 hos shown a higher rate of failure is at
least partly because its circuite have a smaller operating margin thao
is the case for the other tubes. This bripgs out the important point
that tube 1ife in a given cimuih is influenced to a considerable degree
by the ¢ircult design which is uged. In choosing a cireuit design, if
it were pogsible to approach the limit in which changes in tube charac.
~ terigtice had ne effect om circuit performance; thes mechanical defacts,
turn-out, breakage, etc. would be the only causes of failure, ard the
effective tube life would be much longer than 1 heve described.

Succesgful operztion of an electronic comnuter places a high
vremiup on circuit reliabdility. Our experience has shown ithet an acceler-
ated 1ifs test for cathode interface on samples from sach production
lot of tubes and & thorough examination of each tube after 100 hours of
preburning are affective in rejecting tubes which are potentlally short
lived. By using such selected tubes in circuits designed to have wide
operating merging and by avoiding operctional rractices which are knows
to accelerate tube deterioration;, a substantial improvement in the life
and reliability of alectronic equivment may he obtal ned.
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