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TransmissionSystem
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（膿胸仰顔Ⅷ如毎日切り7，J夕封）

1．INTRODVCTIOⅣ

圭二三言三三三二二∴二二二三二
ductorhavebeendeveloped・AIsotheadventoftelevisionhascreateda

demandforbroadbandchannelsfornetworkfacilities．Oneofthelatest

developmentsnownearmgcompletionistheL3CoaxialSystem．

ThreenewtubeshavebeendevelopedspeciAcallytomeettheexacting

fequlrementSOfthissystem‥tWOtetrOdesItheW・E・435AandW・E・436A，

andatriode，theW・E・437A・AllthreetypesarellSedinthelineando絡ce

ampl近ers・Thenew tubesmakepossibleasubstantiallyhigherlevelof

broadbandampli丘erperformancecomparedtotheirpredecessors・They

fePreSenttheresultofimprovementsmadebyapplyingwellknownbasic

prlnCiplesthroughnew tube－makingtedmiques．These teclmiqueshave

beendevelopedlargelywithintheframeworkofexistingconventionalteL

甲honetubemanufacturingmethods．

Thedevelopmentofspecial，Smal1，lowpowervacuuntubesforhighfre－

quencyapplicationintheBellSystembeganin1934・Thetubeprogram

WaSinstitutedoriginallyaspartofaresearchprojectinthe丘eldofradio

COmmunications・WhenthedevelopmentoftheIJICoaxialSystembegan

itwasrecognized thatsimilar tubeswouldbeneeded．Partof the tube

developmenteffortwasthereforedirectedtowardthecoaxialrequlrementS．

WorkontheW・E・384AandW・E・386AtubesusedintheLIsystemwas

eompletedin1939asanoutgrowthofthisprogram・

Thedemandforamplificationoverwiderfrequencybandsresultedin

furtherdevelopmentworkalongthesamelines・DuringWorldWarIIthis

e恥rtwasappliedtothedevelopmentofthe6AK5tubewhichbecame

availableearlyin1943andwasusedwidelyinIFampli丘ersinradarequlp－

ment・ShortlyafterthewartheW・E・408Atubewasdevelopedfortele－

bhonerepeateruses・Thisisalonglifeversionofthe6AKStubehaving

thesameelectricalcharacteristicsexceptfortheheatervoltageandcurrent．

TheW・E・404Atubeappearedintelephonecircuitsin1949・Thistube，

havingahigher丘gureofmeritthantheW・E・408A，prOVidedimproved

PerfomanCeintheIFampli丘ersusedintheNewYorktoBostonradi0
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relaysystemandintheTD2radiorelaysystem・TheW・E・435A，W．E

436AandW・E・437Atubesarethelatesttypestocomeoutofthislong

Itwillbeseeninwhatfollowsthatthekeytocontinueddevelopment

alongtheselineshasbeenimprovementsinthetechniquesofgridmakin冥

tomeetthebasicobjectiveofprovidingagridwhichcanbespacedver）－

。osetothecathodeandwhich，ine鮎ct，aCtSaSauniformPOtentialplane

COntrOllingthecurrentdrawnfromthecathodewithoutoGeringanyphysト

CalobstruCtion・Thisobjectiveisapproadhedbyuslngmanyturnsofvery

Smal1diameterwiTeforthegridwinding・Thereasonfortheclosegrid－

CathodespaclngisthatthetranSCOnductanceorsensitivitydependsonthis

factor・AlthoughtheincreaseinlnPutCapaCitancewhichresultsisadis＿

advantagebecauseofitseGectsontheinterstagecircuits，thisdisadvantage

ismorethancompensatedforbythehighertransconductance。btained．

2．PRINCIPLES OF DESIGN

2・1月89％fre桝朗ね

Theovera】1requlrementSfortheL3system，andthemannerin which

theyarerelatedtothetubeparameterS〉areVeryCOmPlex・fIowever，in

itssimplestterms，theobjectivefortheL3systenistoprovideon。ne

COaXialpEpe afacilitysuitableforthesimultaneoustransmiSsionovera
4（伽－milecircuitofatelevisionslgnaland6000ne－Waytelephonechannek

Or・alternatively，18000ne－Way telephone channels when no television

Channelisrequired・Thetransmissionbandbeingprovidedisfromapproxi－

matelyO・3MCtoapproximately8MC・Theampli五erneededtocompen－

SateforthecableattenuationmustmeetVeryeXaCtingrequlrementSwith

respecttogain－frequencycharacteristics，Stability）nOiselandlinearity・

Thedesignfeaturesnecessarytoprovidesuitableelectrontubesfomse

intheL3ampli丘ersarecloselyrelatedtotherequlrementSmentionedabove

fortheamplifiers・Ingeneraltems，thetubedesignobjectivesa，e：伸

hightransconductanCe－CapaCitanCeratio（figureofmerit），（2）minimふ

excessphaseshiftorphasedelay，（3）lownoise，（4）wellcontrolledm。du＿

lation，（5）longlife，（6）interchangeability，and（7日Owestcostc。nSistent

withtheBrstsixobjectives・Inthematerialwhichfollows，eaChofthese

Objectiveswillbediscussedindetailanditsrelationshiptothe system

Objectivesbrought out．

2・2ダ夜伽rβげ∬αrJ

Figureofmeritisofparticularlmportance．Itisadirectmeasureofthe

bandwidthoverwhichtherequiredamplificationcanbeobtained・Ingen－
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eral，aglVenfactorofimprovementinthe負gureofmeritcanbetranSlated

directlyinto awider transmission band providing more communication

channels．

Foratwo－terminaltypeofinterstagesuchasthatusedintheL3ampli－

aer，theagtLreOfmeritis

ダ　＝＝Gヲ　＝
〟Gm

2訂（Cl＋C2）
（1）

whereFisthe丘gureofmerit，Gisthevoltagea・mpliacation，Bistheband－

Widthbetween thefrequencies wherethegalnis3dbbelow thatatthe

centerfrequency，KisaconstantWhosevaluedependsonthepa・rticular

interstagedesign，G，AisthetramSCOnductanceofthetube，Clistheinput

一一一一一一一一一一一一C一一一一一一一・一一一一一一
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●　　GRID
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COATING

SCR∈EN
GRID

Fig．1－Geometryofthe436Atube．

CaPaCitance，andC2isthe outputcapacitance．Thisfigureofmeritis di－

rectlyapplicable toatetrode operatedasasmall－Signalvoltageampli丘er

andisawellknownrelationship．lItwillbe usedto show how thetube

designfactorsin且uence the丘gure ofmeritof theW・E・435A and W・E・

436A tubes．

Usingequation（1）andapplyingcertainslmplifyingassumptionswhich

Can bemadewithoutmateriallya圧ecting theresults，eXpreSSionsare de－

rivedintheappendixshowingtherelationshipbetweenthefigureofmerit

andthetubeparameters・Equations（2）and（4）intheappendixshowhow

tllefigureofmeritisaffectedbythe grid－Cathodespaclng HaH〉thegrid－

SCreenSpaClng“b”，thescreen－platespaclng“C”，andthegridwire radius
“r”．seeFig．1．Equation3givestherequiredscreenvoltageforthe as－

1“CharacteristicsofVacuumTubesforRadarIntermediateFrequencyAmpli丘ers，”

G・T・Ford，B．S．T．J．，Vol．XXV，p．389，July，1946．
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Sumedcurrentdensityandgeometry・Sincetheseexpressionsarerather

invoIved，themannerinwhichthevari0usfactorsinfluencethe丘gureof

meritcanbebroughtoutbestbyaseriesofcurves・Figures2，3，and4show

howFisa鮎ctedbychangesin＝aH，Hb”，and“C”・Figures6and7show

howthescreenvoltagerequiredtogettheassumedcurrentdensitywitha

givenbiasEcIVarieswith〃aりand‖bu（equation3）・Thescreenvoltageis

essentiallyindependent of Hc”．

Theserelationshipsarealsoapplicableto theW・E・437Atubewith

minormodi丘cations．

2・2188∫夜循Co形∫妄d約めル∫

HowthevariOusfactorsinequations（2），（3）・and（4）affectthe丘gure

Ofmeritwillbediscussedindetai1・TheyarelistedinTableI．

ThefactorMistheratiooftheplatecurrenttothecathodecurrent．

The負gureofmeritisdirectlyproportionaltothisfactor・Mcanbeincreased

TABI丘Ⅰ

DesignValueS

0．75

50M二A／cm2

0．00635cm
0．0444cm

0．150cm

O．∝巾38cm
－1．5volts

150volts

Pmctical工〉eSignConsideTations

監競悪霊慧誤だpaCitance
Mecbanicd
Screenvoltage，meChanical

Formatiomofpotentialmin．

Mecbanical
Gridcurrent
Dissipation，life

byuslngSmallerwireinthescreengrid，theminimumpracticalwiresize

beingdeteminedbythemechanicalrigidityandheatdissipationcapa－

bilityrequired・Mcanalsobeincreasedbyreducingthenumberofturnson

thescreen，butthisislimitedbythenecessityforsu鮎ientshieldingeEect

tomeettherequLrementthattheplate一gridcapacitancebelessthanaspeci一

点ed value．

Sincethe丘gureofmeritisdirectlyproportionaltothecuberootoftbe

CathodecurrentdensityZD，theimprovementwithincreaslngIoisnot

Veryrapid・Theproblemsofobtaininguniforminitialperformanceand

longlifeareaggravatedbyincreaslngthecurrentdensity，forseveralrea－

SOnS・Thereisnodirectevidencetoshowthathighcurrentdensityperse

CauSeSaCCeleratedlossofavailableemission．Infact thereissomeevi＿

dencetothecontrary・2However，thereisampleevidencethatphenomena

読認識㍊e評品EmissionontheLifeofOxideCatho吋・S・Wagener，∃
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usualh湖SOCiatedwithhighcurrentdensitytendtoshortenthelife・Higher

eiectrodetemperatures，higherpotentialS，andtheproductionofmorei。nS

arethema｝OritemsinthiscategoryJtispresumedthattheshorterlife

foundundertheseconditionsisduetothegreaterrateofcontaminationof

thecathodebymaterialfromtheotherpartsofthe tube．Great efforts

i－aVebeenmadetofindandtouseprocesslngteChniqueswhichwi11mini－

Tnizethiskindo‖imitationandtointroduceconstituentsintothecathode

vL・hiehwiilcounteractsuchdeteriOrationtThesituationatthetimetheL3
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GRID－TO－CATHODE SPAClNGllallIN CENTIMETERS

Fig・2－Figure－Of－meritvs・grid－tO－Cathodespaclng・

tubeswerebeingdevelopedwasthat50MA／cm2wasashighacurrent

densityasseemedtobeconsistentwiththelmgliferequired・

ItisapparentfromthecurvesinFig・2tha・tthe丘gureofmeritincreases

rapidlyasthegrid－CathodespaclngHaりisreduced．Thelimitationhereis

mechanicalandmanifestsitselfintwoways・Oneisthepracticald瓶Culty

Ofspaclngthepartssocloselywithsu氏cientaccuracy・Theotheristhe

problemsassociatedwithfabricatinggridswoundwithwireofsmallenough
diametertomake eGective useofthe closegrid－Cathodespaclng・This

partofthesubjectwillbediscussedindetaillater．Itisoneofthem。St

importa・ntaSpeCtSOfthedesignoftheL3tubes．
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ItwouldappearfromFig・3thatthegrid－SCreenSPaClng‘・bHsh0山dbe

aslargeaspossible・However，therequiredscreen、▼01tageincreasesas・‘b”

increases，anditisdesirab：e to keep the screen voltagelow・Therefore．

Hb〃ismadeaslowaspossiblewithoutcauslngtOOmuChpenaltyonhgure

Ofmerit・AgoodcompromisevalueforHbりdependsontherangeofgrid－

CathodespaclngHaHbeingconsidered）butitwi11usuallybefromO．伽5cm

toO．020cmforclosespacedtubes．

Figure4showsthatthe丘gureofmeritincreases asHcHincreases，hit

tbereis verylittle advantagein makingit morethan O．040」）．050cm．

Makingitmuchlargeralsoincreasestheoutsidedimensionsofthestruc＿

J � � � � � � � � � � � � �l 

l l 

1 0．003引 
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GFuD－TO－SCREEN SPACING“bnlN CENTIMETERS

Fig・3－Figure－Of－rneritvs・grid－tO－SCreenSpaClng・

tureunnecessarily，andeventual1yleadstoaspaclngWhichwillcauseir－

regularitiesintheplatecurrent－platevoltagecharacteristicduetospace

Chargee圧ectsinthescreen－platespace．

AlthoughitisnotapparentfromthecurveSOrfromwhathasbeensaid
above，itisdesirabletohaveHrHassmallaspossible・Itisobviousthat

“r”mustbelessthan盲完，Otberwisethegridiscompletelyclosed・tInder

theassumptionthatna＝1，thismeanSthatHr‖mustbelessthanO．Sa

ifthereistobeopenspacebetweenthegridwires・Actually，itisdesirable

tohavenotmorethan30％oftheprojectedareaofthegridclosed，Which
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lTleanSthatHrHshouldbelessthanO・15a・Inadditiontothisconsideration，

itisdesirabletohaveHrHconsiderablylessthanO・15asothattherequired

screen voltage willbeaslowas possible．This comes about because the

ampli丘cationfactorFLincreasesasHrりisincreased〉Otherquantitiesheld

COnStant，andequation（3）showsthatEceincreasesaspincreaヲeS・The

diagramshowninFig・Sillustratesthetrendingrid－CathodespaclngSand

grid、、－iresizes・TheW・E・416Atube（formerlyBTL1553）representsthe

ノ ー � � � � � � � � � �� � 

－ � � � � � � � � � �a＝＝0．0038 11 ��1CM 
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SCREEN一丁0－PLATE SPACING　≠C〝困　C∈NTIMETERS

Fig・4－Figure－Of－meritvs・SCreen－tO－Platespaclng・

駄‾－。覧：00伽●　軍0・0∞甑

0．002511

BASE
METAL

√0・∞∞’加・

386A，6AK5　　　　404A，435A，436A，437A　　　　　　416A

Fig．5－Trendinspaclngandgridwiresize．

greatestextensionofthistrendreportedasfarasgrid－CathodespaclnglS

concerned．3

The agure of meritincreases as the absolute value of the bias E。lis

reduced，SinceIoincreases．However，aminimumbiasvalueofabout－1．5

VOltsisusuallynecessarylnOrdertoavoidundesirableeffectsduetothe

3“DesignFactorsoftheBellTelephoneLaboratories1553Triode，HJ．A．Mortonand

R・M・Ryder，且5．rJリOct．1950．
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COllectionofelectronsofhighinitialvelocitybythecontrolgrid．Such

gridcurrentscontributetothenoise，CauSelnputloading，andma）・also

CauSeeXCeSSiveslgnaldistortion．

SinceZoincreasesasthescreenvoltageEceisincreased｝thefigureofmerit

li上ewiseincreases・ItisdesirabletokeepEc2aSlowaspossibleforatleast

threereasons・Themostimportantisthathighscreenvoltagewillgener批

haveanadverseeffectontubelife・Thesecondisthatlowpowerconsump－

tionisdesirableforeconomicreasonsandthethirdisthatithelpsfrom
thestandpointofmaintaininglowtemperaturesofthecomponentsinan
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GRID一丁0－CATHODE　SPACINGltall �����������N　CENTIMETERS 
0‾3

Fig・6－Screenvoltagevs・grid－tO－Cathodespaclng・

ampli丘er・Figures6and7showhowEc2depends onHa＝andHb”．The

requlrementthatEc2bekeptlowmeansthat therangeofHa＝and‘・b”

Whichcanbeusedisrestricted．

2・3f’毎∫β∫カ所

TheeGectsofelectron tranSittimeandleadinductanceinthetubes

mustbetakenintoaccountinordertomeettheamplifierrequlrementS

withrespecttophasemargin・Inordertomaintainstableoperationover
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COllectionofelectronsofhighinitialvelocitybythecontrolgrid．Such

gridcurrentscontributetothenoise，CauSelnputloading，andmayalso

CauSeeXCeSSiveslgnaldistortion．

SinceZoincreasesasthescreenvoltageEc2isincreased，thefigureofmer主t

likewiseincreases・ItisdesirabletokeepEc2aSlowaspossibleforatleast

threereasons・ThemostimportantisthathighscreenvoltagewiugenerallY

haveanadverseeffectontubelife・Thesecondisthatlowpowerconsump－

tionisdesirableforeconomicreasonsandthethirdisthatithelpsfrom

thestandpointofmaintaininglowtemperaturesofthecomponentsinan
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Fig・6－Screenvoltagevs・grid－tO－Cathodespaclng・

ampli丘er・Figures6and7showhowEc2depends onHa＝andHb”．The

requlrementthatEc2bekeptlowmeansthat therangeofHaHand‘・b”

Whichcanbeusedisrestricted．

2・3f’ゐα∫β∫カ所

TheeGectsofelectron transittimeandleadinductanceinthetubes

mustbetakenintoaccountinordertomeettheamplifierrequlrementS

Withrespecttophasemargin・Inordertomaintainstableoperationover
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thedesiredtransmissionband｝thegalnandphasecharacteristicsmustbe

controlleduptoabout200MC・Theamountofphaseshiftatthefrequency

Nherethegainbecomesunity（“cross－OVerpOint”）isofparticularinterest．

lntheL3ampli丘erthisfrequencyisabout40MC．Phaseshiftintroduced

brelectrontransittimeandbyleadinductanceisreferredtoasHexcess

phase・りIdeally，OfcourseItheexcessphasewollldbezero・

Thetimerequiredforanelectrontotravelfromthecathodetotheplate

isoftheorderofl0－10seconds・Thiscorrespondstoabout500fexcessphase

atiOMC・ClosespaclngSandhighelectrodepotentialstendtoreducethe
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transit time．However，the considerations discussedin Section2．2have

beenthemaJOrfactorsinsettingthespaclngSandpotentialsbecausethe

transittime，thoughimportant，isfarlesssothanthe丘gureofmerit．

Bvuslngrelativelyheavyleadwiresandmountingthetubestructurein

SuChawayastomaketheleadwiresasshortaspossible，theaddミtional

excessphaseduetotheleadwireshasbeenminimizedsothatitamounts

to about50at40MC．

In order toinsure adequate margln agairlSt a Slnglng COndition，the

ampli丘erhasbeendesignedtohaveabout200－3001essphaseshiftat40MC
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WiththesetubesthanthatwhichwillcauseSlnglng・Withthissituation，

itcanbeseenthatanysubstantialfactorofincreaseintheexcessphase

introducedbythetubes，OranyOthercomponents，COuldbegintored。Ce

thephasemarglnSeriously・

2．4Aroゐe

FluctuationnoiseisanlmportantfactorintheW・E・435Ausedinthe

丘rststageoftheinputampli丘erandintheW・E・436Ausedinthefirststage

OftheoutputamPli丘er・ThereisadequatemarglnagalnSttheeffectoflow

frequencynoisecomponentssuchasmicrophonics，POWerfrequencyhum，

andHsputternoiseりifreasonableprecautionsintubeandcircuitdesign

aretaken・Fromadesignstandpoint，the且uctuationnoiseismin・mizedbv

adoptingacombinationofcathodetemperatureandcurrentdensitydrawn

SuChthat，withanormallyactivecathode，thespacecurrentissubstan＿

tia11yspacechargelimited，Withamplemarginforsomelossofcath。de

activityinservicebeforethetemperaturelimitedconditionisapproached．

Whenthetemperaturelimitedreg10nisreached，thenoiseissubstantiallv

higherthanforthespacechargelimitedcondition・Thetemperatureand

thecathodecurrentdensityratingsforthesetubeshavebeensetatvalues

Which take these considerationsinto account．

2．5〟Od鋸kfわ弗

Since amaJOrpurPOSeOfuslngfeedbackistoreduce themodulation

productsarlSlngintheampli丘ers，themorenearlyanideallineartransfer

Characteristiccanbeapproachedinthetubedesignthebetter，because

lessfeedbackisrequiredtoobtainaglVengradeofsystemperformance．

Unfortunately，however，aCOnVentionaltriOdeortetrodetypeofvacuum

tubeoperatingundernormalSpacechargelimited conditionsnecessarilv

hasatranSfercharacteristicwhichisnon－linear・SeveralpossiblespeCial

StruCtureSWhichmightgivelessmodulationwereexplored，butnonewere

foundwhichwouldprovidetherequiredfigureofmeritandbesu伍ciently

Stableandreproducible．

Considerableemphasiswasplacedon the problem of controllingthe

Variationinmodulationfromtubetotube・Themostimportantfactorsare

grid－Cathodespaclng，uniformltyOfgridpitch，andcathodeactlV－ty・Ai・

thoughthesefactorsmustbewellcontrolledforotherreasonsalso，the

SPeCialrequlrementSOnmOdulationnecessitatedathoroughinvestigation．

Theeffectofthegrid－CathodespaclngCanbeexpressedintermsofthe

d－C・platecurrentandthesignallevel・Foratriodehavinganidealized

three－ha－ves－POWertranSfercharacteristicwith蓋＝OasinSection2・2、
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andforsmallsignals，theratioofthefundamentalsignalcurrenttothe

secondharmoniccomponentforthecaseofaverysmallloadimpedanceis

左＝12宝
∫！，

（seeappendixforderivation）　　（11）

Thismeansthat，foraglVenSlgnalcurrentamplitudeIpintheoutput，a

tubehavingtheassumedcharacteristicswillglVearatiowhichdepends

Onlyonthed－C・platecurrent，Whichinturnisverysensitivetochangesin

grid－Cathode spaclng・

Astudyofthevariationsingridpitchandtheireffectsonmodulation

inaparticular experlmentShowed thatreducingthe standarddeviation

Ofthepitch distance from16％to abo11t7％reduced the second＿Order

modulationby4db．Sincethesecond－Ordermodulationmustbereduced

byfeedback whichis at apremiumin theL3systemIthisexperiment

Showedthat controlofthegridpitchwasimportant，and thatperiodic

Checksonthisfactorwouldbedesirableinmanufacture．

Theeffect of cathodeactivityonmodulationwasstudiedin diodesso

astoeliminatethee鮎ctsofgridvariations．Thevariationsinmodulation

fromtubetotubewerefoundtobeaboutthesameaswhengridswere

PreSent・Thegeometryofthediodeswassocloselycontrolledthatdimen－

Sionalvariations couldnot account for the di仔erencesinthemodulation

levels・ThispartoftheinvestigationledtoarecognitionoftheimportanCe

Ofobtainingthebestpossibleuniformityofcathodeactivity・Italsobecame

apparentthatthesurfaceconditionofthea・nOdewasafactor，andthatit

isthereforedesirabletomaintainahighdegreeofcleanlinessof the elec－

trodestowhichpositivepotentialsareapplied・

2．6エ吏存

LongtubelifeisaverylmpOrtantrequlrementinthe L3system・The

mostimportantconsiderationisthee鮎ctofthelifeonthereliabilityof

thesystem．Thereisalsotheobviouse庁ectofthelifeonmaintenancecosts．

Shortlife tendstoreducethereliabilityofasystemwhich containsa

greatnumberoftubesbecausethepotentiaHailurescannotbepredictedso
accuratelyaswhenthelifeislong7Withoutaprohibitivelycostlyamount

Oftesting・Evenwith themostfrequent and accurate testlng prOCedure

Whichmightbeconsidered，itwouldbearna空gifmorethan90％ofthe

POtentiaHailures were replaced before causlng tranSmission trouble．To

illustrate the e圧ect of shortlife，COnSider al00－mile section ofL31ine．

Therewillbefivetubesineachof24amplifiers・Iftheperformanceofany

OneOfthetotalof120tubesbecomespoorenoughtomakethecircuitun－

COmmerCial，thatsectionmustbe taken outof service untilthedefective
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tube（oraやli丘er）isreplaced・Now，foragoingsystem，with120tubes，

andassumlnganabnormallyshortlifeofsay1200hours，atubewillfaii

everytenhoursontheaverageunlesspreventativetestinglSuSed．Evenif

VeryfrequenttestingbedoneiTOrdertoreplace90％ofthepotential

failuresbeforetheyoccur，OneClrCuitinterruptioneverylOOhoursmaさ－

beexpected．

Itisevidentthatalifema・nytimesgreaterthanthatassumedinthis

illustrationisimperativeifreliable serviceistobeobtainedand costll▼

maintenanceavoided・Laboratorylifetestspredictthatatubelifeofat

least15〉000hoursmaybeexpectedintheL3system・Theactualresults

Willdependontheextenttowhichtheoperatingconditionsareclosely

COntrOlled，theseverityofthefieldrejectionlimits，andtheabilityofthe

tubefactorytocontroltheprocesslng・

2．7九才βrCね形gβ虚五g克γ

Theobjectiveistomake thecharacteristicsofthetubessufBciently

uniformSOthattubesmaybereplacedatwillwithoutcircuitad5ustments

beingneeded・IntheL3amplifiers〉thecircuitshavebeendesignedsothat

a relativelywide range of characteristics canbe accepted forindividual

tubes・However〉itisessentialthattheaveragecharacteristicsbeheldin

dosecontrolfromonemanufacturinglottoanOther・Thishasbeenpro－

VidedforbysettingupdistributionrequlrementSWhichwillbediscussed

furtherin alater section．

2．8CoJ‘

Aswi11beseenfromthedescriptionwhichfollows）ithasbeenpossible

tomeettheL3requlrementSWithtubedesignswhichdonotrequiretoo

greatdeparturesfrolnthe manufacturing methodsemployedforconven－

tionaltelephonetubes・With areasona・bledemand，itis accordinglyex－

pectedthatthetubecostsshouldbemoderate．

3．I）ESIGNI）ESCRIPTION AND CEARACTERIST工CS

3・1〟β‘α循icα　かβ∫Cr疹克明α乃　〟gcα雅たα　PrO鋸併柁∫

Figure8showsthethreeL3tubesalongwithsomeoftheearlierhigh
丘gureofmerittubes・TheW・E・386A（lefthandside）wasdesignedtobe

SOldereddirectlyintothecircuitsandhaditsinputleadatthe stemend

Whiletheoutputleadcameoutthroughthetopofthebulb．The鮎Ⅹibie

leadsusedfoTSOlderingpurposes，andthedouble－endedlead construction，
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3ddnlateriailvtothecostoftubeconstruCtionandtestlng・EarlyintheL3

tubede、・elopmentthequestionoffactorycostcomparedwithcircuit per－

fornlanCeWaSWeighedanditwasdecidedthattheadvantageoflowertube
coStPlustheverylargeadvantageofsimpleplug－lntubeswouldoutweigh

Fig．8－The386A，408A，404A，435A，436A andthe437A tubes approximatdy

actllalsize．

thecostinperformance．Accordingly，allthreeL3tubes are ofthe sti圧

pln，plugTintypedesignedto丘texistingsockets・TheprlCepaidfordbtain－

lngtheadvantageSOfloweredcogtandinterchangea・bilityhasbeenaloss

infeedbackofapproximately2dbperamplifier・
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Fig．9－ClltaWayviewofthe43SA，

Figures9，10，andllarethecutawayviewsofthe435A，436A，and437A

tubes．The overalldimensions of the L3tut）eS are：

ConventionalconstruCtionforsmallrepeatertubesmaybethoughtofas
twomica wafers between which are assembled the active elements of the

tube．Themicawafersservetosupportandspacethetlibeelements．This
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micaandelementassemblyisthenmounteduponaglassstemorplatform

Whichisnextsealedintoaglassbulbafterwhichtheexhaustandactivation

PrOCedurescompletethetube・ThesecutawayviewsshowthattheseL3

SyStemtubesaJeVerySimilartoconventionaltubes．Thereasonforwant＿

ingtocontinuewiththeconventionaltypestruCtureSissinplythatoftube

END SHIELD

MICA［HSK

PLATE

CONVENT一〇NAL

SCREEN GRlD

MtCA DISK

FRAM∈　GRID

Fig．10－Cutawayviewofthe436A．

COSt・A productionline such asthat for the W．E．408A or6AKS tubes

COuldveryreadilybechangedovertoanyoneofthesetubes・Theonly

ChangeneededwouldbeinthecolltrOlgridsupplyandirlthedimensional

COntrOIprocedures．

The prlnClpaldistinctive design featureinthese tubes，COmPared to

earlierrepeatertubes，istheHframeHtypeofcontrolgridwhichwasArst

introducedina somewhat di圧erent forminthe W．E．404A4and W．E．

4”The404A－ABroadbandAmpli五erTube，HG．T．Ford，BeEILaboraloriesRecw4，Vol．

mIFeb．1949．
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418Atllbe．TheI・3framegridsareillustratedinFig，12，tOgetherwitha

COnVentionalcontrolgridfrom the6AK5tubeandthecontrolgTidfrom

the404Avacuum tube・The conventionalgrid consists of twolargeside

rods，uSuallyofnickel，arOundwhichisspirallywoundthegridlateralw壬re．

Thelateralwireis50inedtothesiderodateachintersectingpointbyarst

kni丘ngagrooveintothesiderod，laylngthelateralwireintothegroove．

Fig．11－Cutawayviewofthe437A．

andthenswagingthegrooveclosed・Since，intheseconventionalgrids，the

lateralwireisusuallylargerthanO・0008〝diameter，thegridisselfsllPpOrt－

lngandneedsnostrengtheningmembers．Forthehigh丘gureofmerittubes，

COntrOlgridlateralwires－OftheorderofO．0003〝diameterareneeded．Wire

Ofthisdiameterisnotselfsupporting．inthenecessarylengthsandforthat

reasonthetwolargesiderodsareirst50inedtogetherbythecrossstraps
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whicharelocatedattheendsofthegridproper．Thesethenformarigid

framearOundwhichthevery血elateralwirecanbespiraledwitholltany

dangerofhavinglateralsoutofplace・Itcanbeseenthatthistechnique

producestheextremelv鮎tgridplanewhidisnecessaryforthedesired

CONV亡NT10NAL

NOTCHED AIID

SWAGEDGRtD

Fig，12－Controlgridsforthe408Aor6AKSJthe404AandtheL3carriertubes・

tubeperformance，andwhichis the realdifference between these high

丘gureofmerittubesandthemoreconventionaltubes・

Thefabricationofthe404AframegridhasbeerldiscussedinapreviollS

article．5Thatarticlealsomentionedthe418Agridwhichisasiderodtype

い‘Fine－WireTypeVacuumTubeGrid，HE．J・Walsh，Bellエ血raioYiesRefOrd，Vol・

ⅣⅠlIApri11950．
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framegrid・TheL3gridsareafurtherdevelopment．Themajordi鮎rence　吾

betweentheearlierframegridsandtheseisinthemethodofbondingthe i

0・∝旧3nlateralwiretothesiderodsJntheearliergridsagoldbrazewas

usedtobondthelateralstothesiderods・Thisnecessitatedheatingthe

unittoapproximatelylO70ccto丑owthegold・Thenewergridshavethe

lateralwiresbondedbyaglassglazewhichallowstheprocesstobecarried

Out atapprOXimately7000C・Thereis a di丘erentialexpansion between

molybdenumand tungstenof aboutfive tofour・Thenet result ofthe

reduction of temperatureinthisprocessisthat thetungStenwiresare

StretChedlessatthelowertemperatureandthuswhenreturnedtoroom

temperaturehavehigherresidualtensions・Thisisimportantbeca．usethe

highertheresidualtensionthehighertheresonantfrequencyofthelateral
Wires・Thisinturnmeansthatthenoiselevelofthetubeduetovibration

OrShockwillbereducedsinceloosegridwireswillgiverisetomicrophonic
noises・Tighterwiresalsodecreasethepossibilityofgridtocathodeshorts．

Testshaveshownthatanincreaseofabout25％intheresonantfrequencies

OfthelateralWirescanbeexpectedasaresultofusingtheglassglazing

techniqueascomparedtothegoldbrazingtechnique・

Itisinteresting to note that theresidualstressinthelateralwiresof

thesegridsisoftheorderof200，∝沿poundspersquareinch・Thisfigureis

roughlytentimesasgreata・Stheallowableworkingstressforsteelbeams

SuChasareusedintheconstructionindustry・

When theglazingtechniqueisused，thegridisgoldplatedafterthe

glazingoperationhasbeencompleted．Thegoldisusedtoinhibitthermionic

emissionfromthegridwires・ThisisanecessityfortubesofthistypeWhen

usedinthecircuitsforwhichtheyweredesigned・Theneedfortheplating

existsbecauseoftheproximityofthegridwirestothehotcathodeand

theirunfortunatelyfavorablepositionforrecelVlngadepositionofactive

materialfromthecathodeduringitsprocesslngandoperation．Thedesired

amountofgoldonthegridwiresisthatwhichwillcause adiameterin－

CreaSeOfaboutO・00002〝・Thisisanextremelyd温cultincreasetomeasure

becausethemeasurementmustbenon－destructive，Sinceitismadeonthe

finishedgridandisusedasaproductioncontrol．Themethodusedtodate

hasbeenanopticalmeasurementatamagni丘cationofabout500×．

Averyhighdegreeofprecision，COmparedtothatpreviouslyavauable，

hasbeen obtained for someof the parts whose dlmensions are critical．

Thecathodesleeveisnowobtainablewithminoraxislimitsof土0．0003〝．

Themicadiscsarenowmadewiththecriticalholestothatsametolerance．

Theframegridsiderodismadeto土0．0001〝．Thesearethebasicelements

Ofthetubeand・afterinspeCtionhasshownthemtobeacceptable，their

assemblybecomesclosetothatofaconventionaltube・TheinspeCtionof
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thesepartSisdi点Cultwhenproductionnumbersareconsidered．Themicas

inparticularpresentedaseriousproblem・Micasheetiscomposedofalarge

numberoflaminationsmanyofwhichareoftheorderofO．（X沿1〝inthick－

ness・Whenthemicadiscsarepunchedout，theselaminationsleave｝nOt

smoothedgeholesasdo metalstamplngS，butratheralargenumberof

minuteJaggededges・Themethodusedtocheckthesewasanopticalone

inwhichthemicawasprojeCtedatabout40timessizeontoaglassscreen

onwhicheIlgraVedlines acted as go－n0－gOgageS・Thisreduced tooland

humanerror considerably．The cooperationofseveralindustrialconcernS

which supply some of the criticalparts and the measurlnginstruments

wasveryhelpfulinobtainingthedesiredtolerances．

ItwasevidentfromthestartofthedevelopmentoftheIJ3tubesthat

theperfornancerequlrementSfor highgain conventionalstruCture tubes
WOuldbepushingtothelimittheavailableprocesscontroIsandmeasunng

techniques・Astatisticalqualitycontrolprogramwasputintoeffectonthe

tubesafterthe丘nallaboratorydesignhadbeencrystallized．Thestatistical

Studycoveredthetubedimensionsandthedatacollectedfromthose tubes

aftertheyha・dbeenprocessed・Thenetresultofthestudywastoindicate

tha・tbettermeasurlngmethodsandprocesscontroIsareneeded．

WiththeamountOfd－C・feedbackemployedintheworkingcircuits，the

SpaCeCurrentdoesnotvarytoorapidlywithtubegeometry・Inthecase

Ofthemostcriticalspacing，thatbetweenthegridandthecathode，alO％

Changeinthespacingwouldbeexpectedtocauseonlyabout2．5％cha．nge

inspacecurrent・However，the transconductanceismoresensitive tothe

grid－Cathode spacing，with a14％changein transconductance to beex－

peCtedforalO％changeinthespacing．Thiscomesaboutbecausethetrans－

COnductanceisafunctionofthe spaclng，eVenata魚Ⅹedspacecurrent・

SincealO％changeinspacingiミOnlyO・CKX）25inch，theimportanceof

ClosetolerancesonthepartsdimenslOnSCOntrOllingitisevident．Thetest

SpeCi五cationlimitsontransconductancePermitavariationofabout土25％・

SOthattheO・叩025inchchangeinspaclngWOulduseupoverhalfofthe

allowed deviation．Preproduction runs at the Laboratories have shown

that thetubes arepracticaland that theirperformancein theampli丘er

Circuitshasjusti丘edtheirdesign．

3．2月eCかわαg Cゐαrdでねrぬめ∫

Thenominalelectricalcharacteristicsare showninTableII．The corre＿

SPOnding characteristics for the earlier types386A，6AK5and404A are

alsoglVenforcomparison・Thelastrowinthetableshowsfigureofmerit

Valueswhichareameasureofthecircuitperformance・Thetabulatedvalues

forthe丘gureofmeritwerecalculated，takingintoaccounttheeffectof
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SPaCeChargeon theinput capacitance，andinclude a totalallowanceof

3mmf・forsocketandwiringcapacitance（inputplusoutput）．TheL3tubes

aresomewhatbetterthanthe404Aandsubstantiallybetterthanthe6AK5．

The丘gures ofmerit tabulatedwillnot check with thevalues shownin

Figs・2－4Sincethecurveswerecalculatedforcoldtubecapacitancesand

ZerOSOCketandcircuitcapacitances．

TAB工一EII

ClassはCation

Heatervoltage
Heatercurrent
Platecurrent

ScreencurreTlt

Transconductance
Inputcapacitance＊

OutputcapacitanCe＊

Plate－gridcapaci－

tance＊

Figureofmerit＊＊

7．5

2．5

5000

3．9

2．85

0．01

72

437A
Tride

6．3volts

O・45amps

40　ma．

45000〃mhos

ll．5　mmf

O．9　mmf

3．5　mmf

－　mC

ホColdcapacitanCeS．

＊＊Thisis thefrequen9y．atWhichunityvoltageampli丘cationwouldoccurwitha

SimpleparaueltunedcircultlnterStagC・AllowanceshavebeenmadeforstraycチpaCitances

andfortheincreaseinlnputCapaCitanCeWhenatubeisenergi21ed．No五gurelSglVenfor

the437AtubebecausetherelatioTISderivedfortheearlierstagesintheampli丘erdonot

apply totheoutputstage．

3・3f）β炉γ刑α循Cef花月βタeαkr

Thepositionsofthetubesinanauxiliaryrepeaterareindicatedinthe

diagramofFig・13・Theoverallinsertiongalnisalittleover30dbat4mc．

While the noise contributions of thefirst435A tube and the436A tube

areimportant，theyha．vebeenreducedto48dbbelowonevoltand62db

belowonevolt，reSpeCtively）for1200repeaters・Thesecond435Atubeand

the HlowerH437Atube appearlnginFig・13are the maJOrCOntributors

to themodulation・The expected modulationlevels from these tubesare

thoseassociatedwithsingletoneratiosofabout34dbforthefundamental

tosecondharmonicratioand70dbforthefundamentaltothirdharmoIlic

ratio，withagridsignallevelof0．1voltLm．S．

tNPUT AMPuFlER ouTPUT AMPuFIER

Fig・13－Positionoftubesintheinputandoutputampli丘ersfortheL3carriersystem．
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Thegain－bandperformanceinthisrepeater、Orinanyothercircuit，WilL

belessthan thatshownin thecurvesinFigs・2－4since thetotalshunt

capacitancesin a working circuit arealwayslarger thanthe cold tube

capacitancesusedincalculatingtheinherentfigureofmerit．

3．rg∫／∫舛C捕cdわタは

ThetestspeciLcationsfortheL3tubeswerewrittenwiththeL3system

requlrementSaStheprlmeCOnSideration・Inadditiontotheusualtestsmade

on small tubes，a mOdulation test wasincluded for the435A and437A

tubesbecauseofthelmportanCeOfthischaracteristicinterms of system

Performance・Inordertoavoidpenaltieswhichcan resultfromunwanted

SyStematicdeviationswhichpileupln alongsystem，requlrementShave

beensetllpWhichwillcontrolthedistributionoftransconductance，mOdula－

tionタandsome of themost criticalinterelectrode capacitances・By the

applicationofsuitablequalitycontrolmethods，itisexpectedthat these

requlrementSCanbemeteconomicallyandthatsuchmeasureswillprevent

themanufactureoflargenumbersoftubeshavingaveragecharacteristics

faro庁thedesignvalues・Whensimplego，n0－gOlimitsareused，itis not

economicaltosetcloseenough1imitstoattainthedesired controlofthe
averagecharacteristics．

4．CoNCI．USIONS AND FUTURE PossIBILITIES

The fundamentalproblemin the development of repeater tubes for

broadba・ndcoaxialsystemshasbeentodevisemeansfor utilizingcloser

andclosergrid－CathodespaclngSwithoutsacri丘cinglifeperformance・

ThecloserspaclngShavebeen madepossiblebydevisingrigidcontrol

gridsupportingstructureswhichcanbewoundwithvery smalldiameter
Wire・Thewireisheldundertensionbythesupportingframesothata且at

windinglSPrOducedwhichcanbespaced一Verydosetoa且atcathode．

Thepossibilitiesforthedevelopment of tubes whichwillprovidestill

betterbroadbandamplificationdepend to agreatextentupon thekind

Ofsystemdesigntobeconsidered．Ifhigher丘gureofmerlt，aSde丘nedin

thisarticle，Canbeutilized，COnSiderableimprovementcanberealizedwith

SPaCeChargecontro11edtubessuchasthe43SA，436Aand437Abyuslng

mountingarrangementswhichprovidemoreprecisemeansofestablishing

andmaintaining the criticaldimensions．

AcENOWI．EI）GEMENTS

Severalmembers of the technical sta庁and their assistants have con＿

tributedmateriallyinsolvingthenumeroustechnicalproblemswhicharose

duringthedevelopmentofthesetubes・Inaddition，thosewhofabricated
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thegridsandassembledtheexperimentaltubemodelsmadeimp．）rtant

COntributionsintermsofskillandpainstakingeifort・Itisnotpractica圧

nameallofthepersonsinvoIved．

Thedevelopmentofbroadbandtubesoverthelastafteenyearswas

underthedirectionofthelateDr・H・A・Pidgeonunti11943，andMr．J．（）．

McNallyfrom1943todate・Thewriterswishtoacknowledgethei叩r－

tanceoftheirhelpfulguidanceandencouragement．

APPENI）Ⅸ

怖肋夜明甥画墟

F　＝Figureofmerit

G　＝Voltageampli丘cation

B　＝Bandwidthbetween3dbpoints

K　＝Interstagecircuitconstant

GL＝Grid－platetransconductance

Cl＝Inputcapacitance

C2　＝＝Outputcapacitance

n　＝Turnsperunitdistanceongrid

a　＝Grid－Cathodespaclng

b　＝Grid－SCreenSpaClng

C　＝Screen－platespaclng

A　＝Areaofactivestructure

Ib　＝Platecurrent，d－C

M＝Ratioofplatecurrenttocathodecurrent

Ecl＝Grid－Cathodevoltage

Er2＝Screen－Cathodevoltage

Jl　＝Grid－SCreenamPli丘cationfactor

Io　＝Cathodecurrentdensity，d－C

r　＝Gridwireradius

Ip＝Amplitudeoffundamentalcomponentofa－Cplatecurrent

I2p＝Amplitudeofsecondharmoniccomponentofa－Cplatecurrent

tp　＝Fundamentala－Cplatecurrentcomponent

i2p＝Secondharmonicplatecurrentcomponent

Go　＝Perveancefactor

Eo＝Amplitudeofgridsignalvoltage

タ　＝Frequencyx2灯

g　　＝Time

i　＝a－Cplatecurrent

Units‥1engthincms；praCticalelectricalunits；timeinseconds．



．吏封〝，舛州∫

Ⅰ

ELECTRONTUBESFORACOAXIALSYSTElf l125

na＝＝1

Theratioofthepitchdistancetothegrid－Cathode spaclngisheld

COnStant■ThisisdonesothattheeffectofthevariationinBeldalong

thecathodesurfaceresultingfromthe丘nitegridpitch distancewill

hesrnal1andthesamethroughoutthediscussi。n．

Cl＝0．0885×10－12A

C2：＝

（三十…）
0．0885×10‾12A

Theinputandoutputspacesaretreatedasiftheycanberepresented

byidealcondensers・Thisamountstoassumlngthatthegridsareper－

fectplanesandthattherearenoende丘ects・Theeffectsofspacecharge

OnthecapacitanCeSareneglected，andthesocketandwiringcapaci－

tancesarealsoneglected・Thismeansthattheresultingcalculated

五gureof merit representsthelimitingvalueinherentinthe tube

StruCture．

2．33×10‾6〟A

ⅠⅠⅠ　　　　　　　ん＝

¢2（1 ・‡竺詔′2

Theexpressionforplatecurrentassumedisanidealizedone，butholds

fairlv wellfor these tubes，

ⅠⅤ　　　　　　姦＝0

1tisassurnedthatthetriodeamplificationfactorisindependentof

thecontro1－gridvoltage・Thisholdsfairlywellundertheconditions

Of assumptlOnI．

VWhentheinterstageconsistsofaslngleparalleltunedcircuit，K＝1．

Thiscaseisassumed．

Beginningwiththeaboveassumptions，andsubstituti11ginequation（1），

equations（2），（3）and（4）canbederived・Theprocedurewillbeoutlined

below：

ダ＝
gGm

2訂（Cl＋C2） （1）
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ダ　ニ

4．74×108属す甘3

α4・′3（…＋行書）（1＋…誓）

E⊂2＝車8×103α4′3叫十三誓上司

2．73を－lngl。COSh
α

SubstitutionsforCl，C2，andKin（1）aremadefromasミumPtionsII

andV・Gmisfoundbydi庁erentiatingtheplatecurrentexpresslOn（assump－

tionIII）withrespecttoEel，叩nemberingthatlLisindependentofE。1

accordingtoassumptionIV．

G机三言

2．33×10－6〟」
（警＋可′2

α2（1＋三等）3ノ2

From assumptionIII we can write

（警用1）1′2＝

Substitutingin（5）

Gm＝…

Gm＝

酔（l＋三豊）1′2

（2．33×10‾6）り3〟川dl／3

（2・33×10－6）舶′粋（1・三誓う1′2

α2（1＋三豊）3′2（2・33×灯6）1′3択41′3

1．5（2．33×10‾6）2／3〟2／3ノ12／3Jy3

Since ZB　＝　MIoA by definition，

Gm＝
2．64×10‾4∬A甘3

（6）

＼

J

r

一

d

訂
2

（

7（

q
O

J
■
t
l
、



ELECTRON TVBES玉、OR A COAXTAL SYSTE：は

Substitutingin（1），

ダニ
2．朗×10‾4〟A甘3

叫＋三誓）ヰ0885×10－1鳩十いり］
C。liectlngtheconstantsandcancellingtheA，S）

ダ　＝

4．74×105∬丑3

α4′3（…＋いり（1＋三豊）
（2）

TheexpressionforEc2CanbefoundbysubstitutingIB＝MIoAinassump－

tionIIIandsoIvingforE。2・

」け70．4　＝

2・33×10一肌（警＋可3′2

㌔（1＋三誓）8′2

属。2，打＿＿瑠ノ3（1＋三豊）
＋E¢1＝

〃　－　‾‾トレ▲　　　1．76×10‾4

苧渕［5・…03㌔叫十三誓）司（3）
TheexpresslOnforpcanbefoundbyapplyingassumptionIandsubstitut－

ingn＝！intheVogdes－Elderformula＊foraplaneStruCture・
α

〃：＝

2mb loglOCOSh（27rn，）

2．303loglOCOth（27rni）loglOCOth

2．73を　1。gl。。。血
α

÷∵二∵二∴二
（2甘言）

（2訂三）

（10）

（4）

Equation（11）canbederivedbyconsidering aparticularstructureand

introducingasmallsinusoidalsignalEgcosクtaddedtothed－C・VOltage

intheplatecurrentexpression，AssumptionImThiscanbe writtenas

ム巨＋」＝Go（警用l＋恥Sげ2　（12）

H．丑．VogdesandFrankR・ElderJタカッ∫・月蝕，24・pp・683－689，Decり1924・
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Forzeroslgnalthisbecomes

Jβ＝Go（警＋‰）8′2 f13）

ForapllrereSistanceloadwhichissmallcomparedtothcplatercsistance．

thefundamentalcomponent，neglectlngCOntributionsfromthirdandhigher

Orderterms，lS

ip＝GmEクCOSク∠　　　　　　　　　（1刃

Neglectingthecontributionsoffourthandhigherorderterms，thesecoTld

harmoniccomponentis

12p＝∫β

3　　月…

16（警＋可2 COS2が　　　　　　（15）

Thisisfoundbyexpanding（12）intothebinomialseries．FromAssum画fm

IIIandequation（5），

（管用1）2＝簑
Theamplitudeof the second harmoniccomponent，from（15）is

Substitutlngfor

r2♪＝

（警十可2

lJrom（14），

Substittltingfrom（19）in（18），

This can be written

3　　才β且…

16（警用1）2

from（16）in（17）．

G三五三
72p＝　－

12ん

（鳥だ…＝J芸

72p＝旦
12㌔

ム＝12窒
J袖

■

一

l

■

，

－

1

1

　

．

・

・

・

三

・

■

一

1

－

－

－

－

！

‥

・

▲

■

一

■

■

■

t

一

t

一

■

l


