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COMPUTER EXPERIENGE IN EXTENDING TUBE LIFE ~..:-= if e . ___ ~~'J".~~ _____ _ 

by 

Edw1.n S. Rich 

AllSTRACT 

An effective improvement in the lifa and reliabl1i ty of· re .... 
ce1v1ng-type vacuum tubes has been obtained on the Whirlwind Comp~ter 
ProJect at M,~I 1>1' .. by applying a oomb1na.'t1on of three principles; 
(1) using onlJ' those tubes which he.VEt been determined ·1)0 he.va a good 
life expectancy. (2) avoiding operating plOcedures that are detrimental 
to tUbe life, and (3) choosing circuit de~1gn8 whIch a8 far aa possible 
are insensitive to chene;ee in tube craracterlstic86 

.Procedures for tube selection have been worked out along two 
l1n~~» the f1rp.t to predict whether cathode-interface deterlo~t1on 
1ftll occu.r and the 8econd to detect tubes with mechanical weaknees8a 
or improper ~roce881ng~ The formation of an 1nterfac~» w~ich produceD 
the ef~Act of a 'pa~allel rAs18tanc.~capacltance network 1n the cathode 
cit'ouit of a tube, wal f'1r~t obe.enact on the Project in early 1943; it 
18 the mo~t serious type 'of deterioratIon that hal been encountere4~ It. 
bas been found tbA.t A 500~,hour life test at an elevated cathode tempera
ture on a ~ample of tubpI from a given pl"Oductt'on lot 1e a satisfactory 
method fol" detArtnin1l'lg whether tu.bel from that lot vill remain essentially 
free of intp.rface deterioration t"'or s8V'eral thousand. hours of normal 
operation .. BefoN. final selectl.on of tubel la mad., et~ch tube 1s pre.,~ 
bUrned for about 100 hour8~ This tends to stabilize Plate current as 

. well a8 to precipitate failure. tha.t ~uld result from mechanical d&=:· 
fects or gaB wi thin the tubal'!' . 

To extend·the life of the tubes «eleoted for U$e~ oaut1ou8 
operational procedures are observed" . In l'art1cular, the tubes are not 
left for extended periods wi th heate:r vol tage alone applied, 11nce' thi ... 
condlti~n.promotes the formation of cathode intertac8~ Since the tubes 
mutt be turned on and off daily, hea.ter voltagp. ~t'8 applied and. re .. 
moved gradually over automatically' controlled 5-m1nute cycles to reduce 
thermal shock to the filaments.., 

AS a fiDel. conf!1derat1on, wide opAratlng margine M.ve been 
provided 1n the c:lrcu1 t designs both wi th rega.rd to tube 'P~rforman.ce and 
to dissipation ratingen Record. of the performenc~ of selected tubes 
over a period of mOre than 10\)000 hours .how tha.t theY' ha:ve a life ex .... · 
pectancy considerably greater th8l'l would be predicted by moet des1gn 
engineers;! 



bY' 

A widespread 1mpre~a1on among desiFn engineers, including those 
il1 the electrictl field j is that of all the common electronic components 
"he receiv1ng ... type vacuum tube 1s the least dependable.:. Consequetltly' 
if equipment is to be built in' which reliability is an important co~ 
sideratlon ,l there 1s a strong. tendency to avo id electronic' c~rc!.l1 ts j,f 
pO$fli bIe" . 

Of cour8e, the vacu.um tu:be is the most complicated of the 
circ..lit componentR to construct'J btt wl.l should not a vacuum tube be 8,S 

reliable ftl other preeislolJ. devices, for example~ a watch? A part'.al 
an E!'we l' i.B thet the major! ty of the comm~rc1all:y a.vailable tubes are not 
}:f!eei sion products but are 1 ike in'expensi va watolles intended primarily 
for a llJ.rge number of COneU)Jlp.rB who aJ'e intere~ted mainly in economy 
ra.thp.l~ than dependa.b11ity~ In addition, the finel step. in the manufao"" 
ture It)f reoeiving tubes involve chemical processes over which ·there 1s 
no dtrect control,+ eo that variation among tu.bes 1s 1nevltable~ 

• 
. From the engineering point of view" extendlxag tube life is only 

a 'part of the problem" Actuall7 1 t is the life of the circuit -of which 
the tube 1s a -part tha.t i IS important., One· way of extendrng cireui t llfe 
1s to fJelect onll' those tubes whicll will not fail within a specified 
length of t1me~ In; this way circuit life 1s extended without changes in. 
tube pl"Odu.ction techn1quet1,~ Tube life 1. tself may be extended in lome 
case~ by observing certain precautionl in operating the tubes6 A com~ 
bination o~ these two procedur.s~ careful selection and cautions ases 
J.laS been suae8sfUlly employed by Project Whirlwind to obtai. n improved 
life and reliability from electronic circuit3~ 

KINDS OF TUBE FAILUFES 
~:.tIIt~~.~ n 

'l'he questlOJl of what changes take pla.ce as tubes age has to 
be Eln~wered before 'adequ,ate selst:t1on Jl1ethods can be worked out,. Experience 
has shown that tube failures 1n8¥ be. roughly classified. 48 follows:; 

1., Change in chara.cteristics 
2" Mechanical d·efec·ts 
3, Gas wi thin the t·u.be 
4" Beater burn"",·out 
5, Physical' damagst. 

Th~ first of these is a broad classifica.tion cover.ilJ,g deoree,sGs 
tIl 'emisE,lon)J change in cutoff & ete~ "&lch changes are usua.lly the reeul t 
of detet'ioration. of the ca.thode etructure in the tube" Mechanical de'-"" 
facts f'Jld 'rise 01' gas· pressure· within the tube can be attributed ttO 
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faulty construction and process1ng~ Some of these cannot be detected 
by ordinary teAt1ng methods until the tube baa been in use for some timeo 
Heater burn-out ~ be induced by repea.ted eu.dden application of fuJ 1 
'(01 ta.ge 'to the filament ~ vhi ch makes the 1nl tiel heating 0 f the filar-

. ment no n.-un 1 form , eo that stre~8es are set up wr.ich weaken the stru.cture 
and hasten its failure" Physical damage, of course, 1s largely ace!",,
dentru.<> It includes euch causes 8S breakage and inadvertent appliea ... · 
t10n of excessive vol tagesl'J The careful selection and operating pro".
cedures 1l.sed on our project have reduced the inc:idence of failures in 
all of thesA clasBe8~ . 

CHANG~S IN CHARACTERIS~IOS 

Change. in Characteristics which take ~l8Ce over a lo~ period 
of UAe c~se the majority of tnbe failures, so I should like to devote 
most of my remarks to this :problem~ Figu.re 1 shows the circu:1 t of a 
simple pulse amplifier used to amplify and invert a ~osltive rectangular 
pulse" An analysis of the action of .this circuit may be made simply 
by considering that the control-grid bia.s 1e suddenly changed from one 
conStant value to another.;) .liegleotlD& what OCCllre during the transi"" 
tion period, 1t is obvious that the ~late'~rrent which flows in the 
tube should likewise jump from the value ~orresponding to one grid 
vol tage to that corresponding to the new grid voltage/) The waveform of 
the !,late current may be examined on So ;at ta.ble cathode-ray tube ayn ..... 
chrOscope by observing the vol tage developed aoros6 the 'P1a ~ load 
ree1~tance~ Fi~re 2 ehowe a typical waveform obtained with a ney 
tube~ The duration of thie pulRe 182~5 mie~8econd. and the tranlir 
tions take ~lac8 in about O~05 micro8econd~ The vertical deflection of 
about four div1s10118 corresponds to I a rlate current of less than 2 per,... 
cent of the peak 8P~ce-charge~limited emils~on for this tube~ 

An 8x8J!'Ipl e 0 f one tTPe of deter lor at ion vh! ch takes pla.ce in 
some tubes 1s shown in F1~r. 3~ this 18 the waveform of plate current 
produced by an aged tube ullng the eame grid signal a8 for the preoeding 
figure" In! tiallythe current jump8 to approximately the same valu.e al 
fOTa. new tubes but then'it dec8¥s exponentially to leRs than one ..... th1l"d 
of its initial value~ When such a tube is checked on a standard tube 
tester, readings corr8epond.1ng to the reduced value 0 f plate curr@nt 
are obtai ned." The evidence, then, i8 that the tube has lost some of i te 
81111 tt1ng oapabi.li ties, although aetuE1ly- the pulse test shows that· this 
18 not the caee(> These reaul ts ~ndicate that a type of deterioration 
other than the clas81cal decay in emi,.ion takes place» but the two 
phenomena cannot bed18t1~i8hed by the static measurements obtained 
with a commp.rcla1 tube t8sterb 

'l'be, waveform of Figu.re 3 would rest'll t if a. ""arallfi. resistance=" 
capaci tance comb! nation were pre.sent in the cathode circuit of the tube .. 
Tl--i 8 cirouit iB illustra.ted in Figu.re 4" Initially the cathods4'"·to,,-'gronnd 



vol tags i a zero ~ but during t.he pulse the capaci tance becomes cha.:rged 
to cause an effecti've negat1 va 1>18.e be·tween grid andcathode"Plate 
current ther&fore falls off as a rssul t of' thi s bias vol tageo Appr ox1.". 
;;iiD.,te values for the eff~ctive resista.nce a.n.d capac!. tance can. be det~!:r.·""" 

ruined from measurements of the decrease in plate current and of the ';;ime 
eon.stant for its deca,.., Retde'~ance vall!8o up, to a few hUndred ohms end 
capaeitanc8a of the order of O~Ol microfarad are typica..1.o Time-con,stantl 
for the decay fall in the ra.nge from O!~5 1;0 QQ8 mlcl'Osec()nd" Conslde:red 
1.0 terms of frequency response, this circuit in aD. amplIfIer .stage woul.d 
act a8 an unbypassed cathode resistance except at fre~ene1eB greater 
than 200 or JOO kl10eycl eSI) ( 

CN{lF ODE I ITERFACE 
"":.'.::-~~~~. ..... 

A theor,r which aeeounte for the effects I have just described 
is that as the tube agee an interfa.ce layer iB :formed between the cathode. 
sleeve and it. oxide ooatj.Dgi this layer being a chemical combination 
of active r:!etala an.d impuri ties ill the cathode stru.cture... This 1s 11""" 
luatrated InF1gure 5~ The presence of luch a la7er aetnally introduceD 
a p~eical re8i~te.nce~capaoi tanoe netwo%k into the cathodf,t circuit of 
the tubal) !'h1e theory was suggested to 118 by Prof"J W., BOl U'ottingham of 

, the Physic'. Department of N 1.1 I ~ '1"1 Previously Dr 0 Albert E188nste1nli 
working s.t the M,I:.T('I Radiation Laboratory tblr1ng the val", had stu.died 
the formation of interface in. magnetl"O~8 which 11801 causing voltage break:= 
dDwn in their ca.thodel" 

Our first observations of cathode-interface deterioration 
were made over two years 8gP9 when cireulta beeame inoperative afte~ 
the 'tubes had been in use for about 1500 hours" The tube. concerned 'were 
high-transoondu.ctance pentodes" The resul t8 of in! t1al tests were pub
lished in a proJect report in June 194811 Slncethat time similar effects 
have been observed in other tl'1"es ot tubes, both pentodee aDd triod8e~, 
Some of the more 8ignif~cant characteristics of this type of deterioration 
a~e the fol1owlng~ 

)01) The rate at whioh deterioratIon OCQUl"S 18 substantiallY 
faster if the tu,b.. 18 operated at a low du. ty factor rathe r 
than as a Class "Aft emplifier~ In some caaes~ 500 to 1000 
hours 1s sufficient for a low-dLlt,..,.,factor circuit to o&-
come inoperative-- At first it was thought that the inter-

. faee fo nne. tlon oeourred onl,. at low du. ty factors,!'> Controlled 
life teet-! in which some tllbes wel"e completely cut off 
while others passed o1l.rrent continuously showed that the 
deea,y ,effects appear in lx» th cases ~ aJ. though it tak 0a a 
con8iderably longer period of opAratio.n 1:0. the lattere 
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2., -Deterloratlon 1 e 'faster at el.eva ted cathode tempera ture·sc 
Te~ts in which tubes were opp,rated at heater voltagea of 
BoO volts ,instead of their norJDSl 6,,3 volts showed thrt 
'the rate of interface format ion increa.sed by about one 
order of snagni tude~ Data taken on one tube type has indioated 
that a 500 ..... hour test under Such condi tiona i8 suitable for 
predict1Qg that a given lot of tubas will remain essentially 
free of interface effects for several thousand hours when 
operated under rated condi t1one., 

3v A relatively high percentage of silicon impurity in the 
oathode sleeve, such ae is found in the eo-called "active" 
cathodel, C8nRes rapid deteriorationa This has been con
firmed by spectrographic analyses of the cathode structure s 
of both new c.~Dd deteriorated tubes and by life tests OD 

special lots of tubes in which active» normal, and passive 
allOY8 were. used for tbe cathode sleeveso These alloys 

,are diB~lngu18hed maInly by their silicon contents¥ the 
ac·ti ve alloy having the highest silicon content and the 
pa~81ve hav"1ng the lowest... It 18 not true that use of 
cathode alloYI with low silicon content. will ~antee 
freedom from this sort of deC8,7 since some 10\. of tub •• 
with 81ch a1loYI have shown deterioration while other. 
have not" Thi8 implies t.ba.t Impu.ri ties DeCal8ary for 1nter ..... 
face formation may cOile from other $Ouroea within the tube 
envelope~ eo that both the selection of materials used in 
the tube conetxu.ct10n and the methode of processing the 
tube may be important manufacturing consideratlon.~ 

~~ Some characteristics t~lcal of sem1-condnctors have been 
obs.rved~ In'particular, the resistance component shove 
a negative temperattlr8 coefficient, that iS$l the effective 
resistance present is le8. for higher cathode temperatures,; 
Since high cathode tnrpel"8.ture speeds the formation of lnte'r"" 
faC82> 1 t is obvious that· oneration in this manner is not a 
practical method of minl.izing interface effectso However» 
the use of subnormal heater volages during testa for tM 
presents of interface does increase the sensitivity of the 
meaauremen t ... 

Cathode interface formation haa been the most frequal t tJPe 
of deterioration e~countered on the nrojecto B.y choosing tubes which 
are known to be constructed with lO~8illcon-content cathode eleevea, 
a.nd. by operating 8U'ple8 of er-,ch production lot for 500 hours at elevated 
heater vol tttges and teBtingthem for Interfaces, it 18 possible to select 
tubee which can be expected to be rea.sonably free of this type of deteriora .... 
tion for sevAra.l thousand hOT~r8 of 11.tOe 1 The assumption that, in gen.eral" 
the same characteristics aT11ear 1n all tubes of a given produotion lot 
seems to be a valid one, since it has been su.b'fitantla ted by historical 
record. which we have compiled during the past two yeare on a felt thousand. 
tubes" 
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Other select ion procedures are used for sho wing up some nhor.t.,.. 
thJ$ ·cha.nges in tube characteristlc8 and for picking' aut some tuben 
whIch have mechani cal defect s or a,.re gaf\sy, but whi ch sa.t! Bfaotorils 
passed their in1 tinl tests" Those tubes w~'i ch :pass the 1m tial tests are 
p reburned for a. period of about 100 hours.., . A stea.dy current 1s passed. 
throuf.'~ t'he tubes- 60 that the plates and screens operate between one-.-·half 
and full rated diB~1pation~ Then before being selected for use all 
tubes are thoroughly checked by tests similar to those listed in JAB 
specifications ~ The r..ost importa.nt function accompli shed by prebu.rn1n.g 
1.8 the stabilization of 'elate current·, Cha~8 in plate current of 10 
to ;?O percent durinc thi B peri.od 11l'8 not uncoJ1'lttOn in some tube, types, 
Umally the drift il\ in tl:ledownward direction and is moat rapid during 
the flrRt 10 or PO.hourl~ S~lft8 in contact pntentlals and. variations 
in cathode activation contribute to these changes", 

~m:tr'ple8. of mechanical defects which may not be observable until 
the tube has been in OpA'rtttion for a short t1Ji18 are warping or e~g1ng 
grid structure., poor weldS, and' cracked g].EUHl envelopes(, Aleo included 
in t.·18 classificAtion are monentary shorts 'b~tween electrodes which re
suI t. when the envelo-P8 ia ta""T'ed 1 ight17.~ In several cases 1 t wag foun.d 
that tl)6le tap shorts were caused b,. foreign.matter su.ch as lint within 
the tu.be" For maDl' appl iCEl.tiona tap short~ are not objectionable, b:a.t 
in cirCuits which are sensitive to pul~e8, a tap short m&7 cause a 
transient which will be transmitted t~rough the system a8 erroneoul lnforma~ 
t1on;.. Since a cnnvent1oDa1. ne~J1 ... 1amp tester doe. not give a poei ti ve 
ind1oation of! moh ahorts, a special thyratron tr1gg~r circuit was 
bu11 t tor detecting the defeotive tu.be9.~ 

O!:.r~~TtON P'PECAtrrIOlfS 

ObViou81y, the .effective life of' tubes in s. given circul t can 
be increased by uaing only those tubes which havB been 8elected for long 
life, but it CF.,n 'be :fUrther Incr"a~ed by observing ce7"taln precautions 
in theiroperat10Jl,\ It hal been noted that low-duty¢-.cyole conditione are 
the most unfavorable becaase th~y promote formAtion of crthode interface., 
Therefore 8%teDded periods in which heater voltage alone is applied 
are avoided whenever -possible" In the Whirlwind system this 18 accomplished 
'b," tu.rning hecs.ter voltages on and 0 ff dally" '10 reduce thernel ahock 
to the ~eliter., voltage i8 8])"olied and removed gradually over e.u.tc .... 
me.tically controlled. 5-mi.nu.te cycler." It 18 fel t that this 'Procedure 
has greatly reduced the danger of heater burn-outs usually preeentwhen 
full voltage 18 applied 8Uddenly~ In a 8y~tem of' over 3000 tu.bes which 
1 s turned Oil and off each day, only one such tu.be failure has occurred 
in about nl ne monthS,. 

OPE"PAT!m RXP~RIENCE 
~:'""er" = ...... L"'~ 

Unfortunately no 11 fe data, a.re available on tuhes whioh were 
ncrt carefully 8el~cted i 90 that e. quanti tati ve EWalua tion of the effect1 ve ... · 
'()~SfS of thfIJ -nTocedures I hAve d.~scribed. cannot be ms..de, RoW'ever j AU 



e:xamilw.tion of the ~rformance of 'Gome selected tubes over a. 'pel"1od of 
10,000 hours shows that they have a. life expectancy cOllsiderably greater 
tb .. nn would be pradicted by most design engineers.) 

Figure 6 shows the ~ife characteristics of three tYras of tubes 
operating in ty~~1cal computer, circuits which are being used to study 
systell1 re11ab11i ty-" The 6A.s6 and 7AJ)7 tubes WAre purchased from .commercial 
productions" while the 1AK7 tubes are special pilot-plant production .. 
The curves are plotA of p~rcenta.e;e of tubes remaining aRtd net hours of 
8erylce~ It can be spen tru t fOT both the 7AI7 and the 1AD1 types, more 
than 65 percent of the tubes' remain in operatio'n after 10,000 haUl'S" 
It should. be pointed out that a tube failure does not iJJl'Ply a concurrent 
operational failu.re of the aystemo In fact the ma.1ori t·y of the tubAS 
retired .ereremoved because of cbaDgea in characteristics which were 
dBtectedb1 periodic testing of the type which ·wi11 be de~crlbed by Mr.~ 
Sumner in his pa!)er on marginal checking (I 

The fact that the 6,a56 be.s ShOWD. a higher' rate of failure is at 
1 ~at\t partly- because its c1rcu.l ts have a small er operating me.rgi n than 
is the ease t"o'rthe other tubp's~l. rl'hie brings out the important pOint 
tn~t tu.be life in a given circuit is ~llfluenced to a. considera.ble degree 
by theelrcu.1t design which is used,. In choosing s. circuitdesign~ if 
it "~re pOiHdble to a~)proa(!lh the limit in wh1ch Chaog88 in ·tube eharae.· 
teriet.icfI had :00 effect 'on oirouit performal1ce~ then. mechanice1 defeete t 

lurn..rut. break.age, ete~ would be the only causel of failure, a:td .~ht'l 
effective tube life woul d be mueh longp.!, than I have described·, 

::)uceeesf'ul operetion of an electronic comnuter places a high 
~ 'rem! UUl 0 il e i rcu.i t rel ie. bil i ty ~ Our expert ellce has S Mwn the. t an accel ttl' ..... 
at.ed 1 i fe te$'t fo T" cathode interface on samples from 68.ch produ.ct ion 
lot of tubes and a thorough examination. ot" each tube after 100 hours of 
preburn1ng are effective in rejeoting tubes wl-1ch a.l~epotentlally short 
II ved., By uaing such ,elected tubes in eircu.i te deligned to have vidtt 
ope""at1ng margine and by avoiding opAX'!,tional J'raoti ces which fl""e know:u 
to accelerate tube deterioration, a IUbltantial improvement in thfJ 11 fe 
and reliability of electronic equi'!-)Dlent :may be obtalned.~ 
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