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theaerodynamicandproduction-detection
problemsassociatedwithiontracervelocitymeas~ementtechnqiues,with
particularemphasisonthoseaspectsuniqueto low-densitygasdynamics.
A criticalsurveywasmadeof thevsrioustechniqueswhichhavebeen
employedandspecificsuggestionsareofferedrelativetothesuccessful
useofiontracervelocitymeasuringmethodsat lowdensities.A descrip-
tionisalsoincludedof saneexperimentalworkwhichwascarriedout
withan ion-pulseairspeedindicatordevelopedby theAmesAeronauticalc1 LaboratoryIowPressuresGroupoftheNationalAdvisoryCommitteefor
Aeronauticsforusein low-densitywindtumnels.

.

13W!RODUCTION

h recentyearsconsiderableinteresthasbeendirectedtowsrdthe
useof iontracertechniquesforthemeasurementofgasvelocities.The
methodsholdingthemostpromiseappeartobe thoseinwhichsmallpackets
or cloudsofionizedmoleculesareproducedat somepointin thegasflow
field.These“marked”packetscanbe detectedelectricallyandhence
theirtimeoftransitbetweenanytwopointsalonga streamlinecanbe
measured.

Althoughmuchusefulinformationis currentlyavailableon theion
tracertechniqueforvelocitymeasurement(refs.1 to ~),no systematic
studyhasyetbeenmadeconcerningtheapplicabilityof thismethodto
low-densityaerodynamicsintheregionbelow1 maHg staticpressure.
An instrumentcapableofmakingdirectvelocitydeterminationswouldbe
particularlydesirableinthisfieldofresearchwhereinterpretationof
resultsobtainedby theconventionalmethods,thatis,utilizatimof
impactandstaticpressureprobes,isrendereddifficultbecauseof large
viscosityeffectsanddeparturesfromcontinuumbehaviorofthegas.

●

lhthisre~rt a studyhasbeenundertakenoftheaerodynamicand
production-detectionproblemsassociatedwithiontracervelocitymeas-

. urementtechniques,withparticularemphasison thoseaspectsuniqueto
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low-densitygasdynamics.A criticalsurveyhasbeenmadeofthevarious
techniqueswhichhavebeenemployed,andsome
offeredrelativeto thesuccessfuluseofion
methodsat lowdensities.

Ap~ndedtothebodyof thisreportisa
mentalworkwhichwascarriedoutwithan ion
developedby theAmesAeronauticalLaboratory

specificsuggestionsare
tracervelocitymeasuring “

descriptionof someexperi-
pulseairspeedindicator
IowPressureGroupofthe

Nation;lA&LsoryComnitteeforAeronauticsforuseinlow-densitywind
tunnels.W additionto theevaluationoftheperformanceofthisspe-
cificinstrument,theseexperimentsprovidedcertainmoregeneralcon-
clusionswhichhavebeenincorporatedinthe-in portionofthereport.

Thisworkwasconductedat theUniversityofCaliforniaunderthe
sponsorshipandwiththefinancialassistanceoftheNationalAdvisory
CommitteeforAeronautics.

AERODYNAMICREQUTREMEN!15

h orderto gaina betterinsightintotheproblemsinvolvedinthe
b

designandoperationofan ioncloudairspeedmeasuringdevice,itwill
be instructivetoreviewheresomeoftheaerodymmicrequirementsof ●

suchan instrumentwithregardtoprecisionof’velocitydetermination
andprobegeometry.

PrecisionofVelocityMeasurement

Theaerodynamicistisusuallymore interestedindeterminingthe
Machnumberoftheflowthantheabsolutevelocity.TheMachnumber
can,ofcourse,be calculated-directlyfromthemeasuredairspeedifthe
soundspeedisknown.EIthecaseofwindtunnels,itshouldbe remem-
bered,however,thatthevelocityoftheflowasymptoticallyapproaches
a finitelimitas theMachnmnberincreasesto infinity.Consequently,
theaccuracyofvelocitydeterminationsrequiredtoyielda givenaccur-
acyinthederivedMachnumberincreasesrapidlywiththeabsolutevalue
oftheMachnwber. Therelationshipbetweentherelativeerrorscan
easilybe expressedmathematicallysinceu is a knownfunctionof M:

() 1/2
u= 7RTJ#

1+Z+2
(1)
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●

where

. M Machnumber

R gasconstant

T!. stagnationtemperature

u streamvelocity,

7 ratioof specificheats,1.40forair

To expresstheerrorinMachnumberintermsoftheerrorinvelocity
onewrites:

&l_&15M M&5M—— =.— —=
‘-MU

f(M)~
u u?MM

(2)

Thefunctionf(M) turnsouttobe independentofthestagnationtem-
peratureTo:

“

(3)

Forair,taking7 = 1.40} f(M) isplottedinfigure1. M termsof
thetimeoftransitt ofam ionpacketbetweentwopointsspaceda
distances aparttheallowablea%soluteerrorbecomes

(4)

Thefunctiong(M)= f(M)/uexpressedinmicr~seconds perinchis
plottedinfigure2 forthecaseof To= 535°R,using 7 = 1.40. It
isseenthatevenfora measuringdistanceas largeas 1 inchthetime
oftransitat M = 3 must be deteminedaccuratetoalmut10-Tsecond
iftheerrorinthecalculatedMachnumberistobe lessthan1 percent.
Theseconsiderationsareapplicabletowind-tuuneltestingat slldensity
levels,thoughtheydonotapplyto free-flighttesting,wheretheMach
numberincreaseslinearlywiththeabsolutevelocityat a givenaltitude.
Buttheabovelimitationsontheaccuracyofairspeeddeterminationsare
particularlyseriousinlow-pressurewind-tunnelwork,inasmuchaspre-

S cisetramit-timemeasur-ntsbecomemoredifficultwhenthedensityof
thegasstresmisreduced.

.
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outinthisconnectionthatthefundamentalassump- “
methodistheidentificationofthevelocityofthe
thegasstream.Strictlyspeaking,suchan assump- .

tim canbemadeonlyfort~ centralconcentrationmax=& ofa spheri--
callysymmetricionpacketintheabsenceofexternalelectricfields.
Anyerrorintroducedbytheunavoidableassymetryofthechargedistrib-
ution andthepresenceofexternalelectricalfields,andthroughthe
difficultyinlocatingthemaximumconcentration,willbe enhancedat
lowgasdensitieswhereboththediffusioncoefficientandtheionic
mobilityarehigh. Theseaspectswillbe discussedmorefullylater.

LocalizationofMeasurement

Fromtheforegoingdiscussionit isalsoclearthatitis @possi-
bletomakeexactpointvelocitydeterminationswithanytime-of-transit
methodandthata compromisemustbe soughtbetweenthedesiredaccuracy
andthelocalizationofthevelocitymeasurements.Theleastcountof
thetimingdeticeisusually a fixedquantity;hence,asthemeasuring
distanceis decreased,therelativeerrormustincrease.Ontheother
hand,iftheseparationbetweenreferencepointsis increased,nonuni-
formitiesinthevelocitywithinthisdistancecannolongerbe detected .
andonlyanaveragespeedisfound.Momeover,changeofshapeofthe
iondistributionby diffusion,self-repulsion,andminuteexternalelec-
tricfieldbecomesincreasinglymoresignificantasthetimeoftransit 0

betweenthetwomeasuringpotitsismadelonger.Again,theselastcon-
siderationsareofparticularimportanceatverylowpressures.

InterferenceWithFlow

Inanymeasurementtechniqueitis desirabletokeeptotheabsolute
minimumtheinterferenceofthemeasuringdevicewiththeflow. Jhthe
caseofiontracermeasurements,interferencewiththeflowcouldbe
causedby thepresenceoftheionclouditselfandbyprobesusedto
detectthecloud.Fortunately,it canbe assertedthattheeffectof any
nottooviolentor concentratedionizationwithinthegasonthemass
motionofthegasis,ingeneral,entirelynegligible.Thenecessary
presenceofiongeneratinganddetectionelectrodesorprobesmRYpresent
seriousproblems,however.Forsomestudiesitmaybe possibletoutil-
izeelectrodesmountedflushwiththewallsofthewindtunnelsothat “
disturbanceoftheflowisavoidedentirely.Thistechniquehasbeen
appliedwithsomesuccessbyBoyd,Ibrsch,endBrodie(ref.4) in sub-
sonicandsupersonicwindtunnelsatpressuresupwardof5 mm Hg. Dis-
tortionby thenonuniformityofthestresmneartheboundary,difficul-
tiesinmakingmeasurementsofioncloudswhicharewellinsidea lssge
channel,ortheresultinglimitationto rathernarrowchannelsdetract s
fromthemeritsofthismethodaudprobablyrenderitentirelyimpracti-
calforgaspressuresbelow1 m Hg.

.
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Electrodeswhichprojectintothechannel,whilemoresuitablefor
localizedmeasurements,sufferfrantheobjectionthata disturbancein
theflowisproduced.h a supersonicstreamshockwaveswillbe formed
aheadoftheelectrodesandtheveloci’qyofthegaspassingthedetec-
tionprobewillbe lessthemtheveloci~aheadoftheshock. Ii-lpar-
ticular,thedisturbanceproducedby theiongeneratingsystem(spark
gap,coronapotits,etc.) mustbe oflimitedsizeifusefuldataareto
be obtained.Electrodelessionproductionis,of course,tobepreferred
if sufficientintensityofionizationcanbe obtained.At lowgasdensi-
tiesthedisturbanceoftheflowbyproductionanddetectionelectrodes
canbeminimizedifthedimensionsoftheelectrodesaremadesufficiently
small(oftheorderof a meanfreepathorless).Theeffectof theshock
wavessheadofthedetectionprobescanbe canceledoutif a singlepickup
electrode1susedin successivepositionsalonga streamlineandthedif-
ferenceintimesof flightistakenfortheevaluationofthevelocity
(cf.ref.5). Thismethod,however,reqyiresextremelyhighreproduci-
bilityoftheionproductionmechanismoraveragingovera largenumber
ofreadings,sincemeasurementson differentioncloudssxerequiredfor
eachstreamvelocitydetermination.Wheq&veritisnotpossibleto cir-
cumventlargefluctuationsintheiongenerationprocess,andinparticu-
larinthetimetakenforthechsrgebtild-up,eacht- offlightmeas-
urementshouldbeperformedon oneindividualpacketbymeansoftwo
shultaneouslyoperatingdetectors.~ thiscasedisturbanceoftheflow
canbeminimizedonlyby usingverysmalldetectionprobes.Aswillbe
shownlaterinthisreport,sucha procedureintroducesnewproblems
whichseriouslylimitthevalue ofthemethod.

DETAILSOFMRI!EOD

Productionof Ionsat LowPressures

A SUIUIIMrizingtable
erence3. !l%efollowing
erenceto lowpressures.

ofmethodsof ionproductionisgiveninref-
lectionreviewstheimportantfactswithref-

Thethreechiefmechanismsbywhichionpacketscsnbe createdin a
gasare: (1)Electronimpacts,mostefficientatenergiesoftheorder
of100electronvolts(i.e.,smewhathigherthantheionizationpoten-
tialsofthegas),(2)positiveionco~sim, efficientonlyathighion
energies(above1O,O(XIelectronvolts),ad (3) photoelectriceffect,
efficientonlyatphotonenergiesslightlyexceedingtheionization
potentials.

Thecross sectionsfortheseprocessesuuallyareconsiderably
lowerthenthoseforelastickineticcollisions betweenlikegasmole-
cules.Thecopiousproductionof ionsina gasat lowdensitytherefore
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reqtiresa highconcentrationoftheionizingagency.Forthisreason
thephotoelectricandpositiveioncollisionmechanismsarenotvery
suitableforthepresentapplication.A positiveiongunusedto form
an ionizingbeamwouldrequirea ratherlsxgecurrentdensityanda very
highacceleratingvoltage.Radioactivesourceswouldhavetohavean
excessivestrengthtoyielda narrowbeanof u particlesofstificient
intensity.Similarargumentsapplytotheuseof softX-raysforphoto-
ionizationat lowpressures.Ztisverydifficulttoproducea well-
co3LimatedX-raybeamofsufficientintensity.

Thesimplestmethodforproducinga relativelyhighiondensity,
makesuseofanelectricaldischsxgeinthegasLtseH. Suchdischarges
involvechieflyionizationbyelectroncollisionsaudemissionofelec-
tronsfromthecathode.Thelargeproductionrateisbroughtaboutby
thefactthatthenewlyfreedelectronsthemselvesareutilizedto ion-
izeinturn,thuscausinganacceleratingcumulativeliberationof charge.
Thevelocitiesacquiredbytheelectronsmustbe suchthata sufficient
fractionofthemexceedstheminimumenergyneededfortheaction.

Thetechniquehasseveraldisadvantages,however,becausean elec-
tricfieldisrequired.Conductorsmustbe introducedto supplythe
necessaryhighvoltageandelectrodesurface.Therefore,specialcare
mustbe takentoavoidaerodynamicdisturbancesoftheflowandelec-
tricalcouplingwiththedetector.A moreserioushandicapisthedif’.
fusenatureofelectricdischargesat lowgasdensities;sparksor
coronascannotbepr@uced. Themeanfreepathistoolongtopermit
theexistenceofhighspacechargeconcentrations,asthosefoundin
sparksandarcsathigherpressures,sothatitisnotpossibletopro-
ducestrongfieldsinconfinedregionsat somedistancefromanymetal
surface.Onlyintheimmediateneighborhoodofverysmallconductors
suchasfinepointsmd thinwirescanhighfieldsofsmallextentbe
maintainedandeventhentheassociatedchargecloudofelevatedcon-
centrationwillhavea radiusof10 ormoreelectronmeanfreepaths.

Itis clearthatinorderto obtaina relativelywellconfineddis-
chargeofadequateintensitya smallconductorwitha highnegative
potentialshouldbeusedas cathode.Theanodeislesshportantexcept
fordefiningtheinitislpretischargefield.@ gro~dedconductorwill
servetoreceivethenegativechargecurrent.Inthisconfigurationa
brushlikeglowdischargeis setupwhichwillconcentratethepositive
ionpacketnearthecathode,whilethe13beratedelectronswilldriftin
alldirectionsalongthelinesofforceinthelowfieldregion.Given
enoughtime,theseelectronswillattachtooxygenmoleculesandform
negativeions.

.

Ina streamoffast-movinggasas ina supersonicwindtunnelthe
iondistributionwillbe drawnoutinthedirectionoftheflowandsome
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positivechargewillbe lostdownstream.Ifthedischargeispulsed,
thisoblongdistributionwitha nucleusofpositivechargeanda broad
fringeofnegativechsrgewilldriftwiththestresmasa whole,
spreadingby diffusionastimegoeson. At lowgasdensitiesof1014

to1016moleculespercubiccentimeter(staticpressuresoftheorder
of10-2to 1 m Hg atroomtemperature)theinitialchargedensitycan
be estimatedat109ionspercubiccentimeterormoreatthecenter,

fallingoffrapidlytoperhaps107ionspercubiccentimeterwithina
fewmeanfreepaths.Thehighchexgeconcentrationat thecenterwill.
decreaserapidlyby diffusionandse~-repulsionafterthefieldis
removed.Sincethedetectorwillhaveto havesomeleastdistancefrom
thedischargecathodeto reducethedirectcurrentpickupandmin3mize
initialcapacitativecoupling,theunavoidablespreadingduringthis
~um timeofflightaddsto thealreadylargediameterofthecloud.
Ifhighaccuracyisrequired,therefore,a pulseddischsxgedoesnot
seemsuitableatpressuresbelow1 mm Hg.

Itmaybepossibletouseanelectronbeamofsufficientenergyand
intensitytoproducea narrowtrailof ionsofadequatedensity.Elec-
tronsof10,OCO-voltenergyarenotappreciablyscatteredduring6 inches
offlightthroughairat a pressureof 100microns.Underthesecondi-
tionsthereis oneionpaircreatedona 10-centtieterpathforeach
electroninthebaa (ref.6). To liberate107ionpairspercentimeter
pathina 2-microsecondpulse,thelattershouldcontsin108electrons,
representinga currentof8 microsmperes.Thisbeamcouldhavea cross
sectionof severalsquaremillimetersinthetestregion.ThiS method
wotidhavethegreatadvantagethatno obstaclesneedbe introducedinto
thestresmandno high-voltagepulsehastobebroughtintothetest
chamberofthewindtunnel.Theequipmentrequiredwouldbe somewhat
morecomplicatedthanthatforthedischargepulse.Thetechdqueseems
feasibleifthewidthofthechannelionizedinthismannerdoesnotturn
outtobe toolarge.Scmeoftheseproposedmethodsarediscussedinthe
appendix.

Motionof Ions

Thechargesproducedinthemamnerdescribedbeforearemainly
singlyionizedmoleculesad electrons.Negativeionswillbe extremely
rarebecausetheprobabilityofelectronattachmentto oxygenistoo
smalltobe effectiveatpressuresbelow1 umHg withinthes oflmilli-
secondorless. Becauseofthelargedifferencesinmassthebehavior
ofthepositiveandnegativechargecarrierswilldifferwidely.In
general.,themotionoftheseparticlescanbe ditidedintothreeparts
to indicatethedifferentnatureandcauseofthevariousphenomena.

Inasmuchastheconstituentswillbelongto thegas,theywill
driftwiththebodyofthestreamas anyneutralmaleculeprovidedthat
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therearenoelectricfieldspresent.Thisbehavior,whichmightbe
calledconvection,isthepropertytobe exploitedinthepresentappli-
cation.Thesituationiscomplicated,however,by twoadditionaleffects
influencingthemotionofthechargeparticles.

Whenanelectricfieldispresent,ionssad~lectronswilldrift
withrespectto thegasinthedirectionoftheforceata velocitymore
orlessproportionaltothefieldstrength.Thedriftvelocitydivided
by thefieldstrengthis calledthemobilityoftheparticleinthegiven
gas. (Themobilityofelectronsis severalhundredto severalthousand
timeslargerthanthatofions,dependingontheelectricfieldstrength
andthegasdensity.]Thedriftofthesechargedparticles,particularly
theelectrou,,willcausethegastobecamea conductor.Sincepositive
endnegativechargesdriftin oppositedirectionsinthefield,a sepa-
rationiseffectedwhichmayormaynotbe desirablein anygivencase.
Thedriftofairions(nitrogenoroxygen)inairisgivenapproximately
by (ref.7’,p. 76):

where

v drift velocity,cm/sec

(5)
.

.

P airpressureat roomtemperature,mm Hg

E electricfieldstrength,v~cm

Here K isthemobilityprovidedE/p doesnotexceeda fewhundred.
ClearlyE/p mustbe keptlowinanyregionwhereit isrequiredthat
theelectricdriftbe negligiblecomparedwiththegasvelocity.Near
a metalLicsurfacetheinducedchargesontheconductorwillsetup a
fieldattractingthemobilechargesinthegas. Whiletheseforces
usuallyareratherweak,theyoftenaresufficienttoaffectthemotion
oftheextremelymobileelectrons.Thisisonereasonwhythesuitabil-
ityofthelatterastracersmightbe doubtfulevenifgreateffortis

—.—

madeto eliminateexternalelectricfields.

Theothercomplicationarisesfrmnthefactthatthesetracers,
beingpartofthegas,willbe subjectto diffusion.Sincetheparti-
clesarecharged,thisactionwillbe accentuatedbytwofactors.In
anelectricfield,andinparticularina discharge,thekineticenergy
ofthechargedparticles(i.e.,thetemperaturead thereforeslsothe
diffusioncoefficient)willbehigherthanthatofthemoleculesofthe
neutralgasandsome“cooling”timewill.be requiredbeforeequilibrium
isreachedwhenthefieldisremoved.Secondly,anyconcentrationgra-
dientofchargescreatesitselfanelectricfieldin sucha directionas
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toaiddiffusionsotnatthelatterneverispurelyduetorandommotion.
alone,butis increasedby ~t~l reP~sion~Theseeffectsaremuch
morepronouncedforelectronsthanforionsbecausetheformer,withtheir
smallermassandsize,Wve highervelocities>longerme= freePaths~and
poorermomentumexchangewiththegasmolecules.Ifelectronsandposi-
tiveionsarepresentsimultaneouslyandinequalnumber,aswouldbe the
casealongthepathofan ionizingbeam,thefastradialdiffusionof
electronswillbe retardedby theattractionofthemoreslowlymoving
positiveionswhichwouldbe leftbehind.IYtheionconcentrationis
highenough,hardlyanyof theelectronscanescapeandthenetdiffu-
sionofthecloudproceedsalmostas slowlyas if onlymassiveions
wereinvolved.Thisphenomenonistermedambipolardiffusion.A purely
qualitativesketchofthechargedistributionalongthediameterof such
an ioncloudis showninfigure3. Thediffusioncoefficientof ionsis
somewhatsmallerthanthatof theneutralmoleculesinthesamegas. lh
airatatmosphericpressurethediffusioncoefficientforpositiveions
is oftheorderof 0.03cm2/see;at 0.1= Eg it isroughly200cm2/sec
(ref.7,p. 165).

Theseconsiderationswillhavetobe keptinmindintheinterpre-
tationofgasspeedmeasurementparticularlysincethemethodof detec-
tionalsomustutilize themotionof ionswithrespecttothereceiver
forthecreationofan electricsignal.

Detectionof Charges

Inasmuchastheaccuratethe measurementdesiredforthepresent
applicationinvolvesan interpretationofthepulseshape,a detailed
analysisoftheoriginofthereceivedsignsl.mustbe carriedout. Also
thepossibleeffectofthemethodof detectiononthethe offlightof
theionsthemselvesshouldbe investigated.~ connectionwiththis
aspectmuchconfusioncanbe avoidedifa fewgeneralprinciplesare
wellunderstood.

Themacroscopicphencmenaassociatedwithelectricchargesarecom-
monlydividedintoseveraldistinctgroups.me twoof interesthere
arethepresenceof separatedpositiveandnegativechargescausing
fieldsandp&entials(staticelectricity)andthemotionof charges
representingrealcurrentsandcausingdisplacementcurrents(quasi-
staticelectricity).Thetwoarerelated,of course,by thecondition
of continuity(conservationlaw)andby thelawsofmotion.

Whilethetwoeffectscanneverbe entirelyseparated(forexsmple,
● accmmlationor separationof chargein itselfrequiresorrepresentsa

current),thedetectingdeticecanbe designedto emphasizeoneor the
otheraspect.Basically,an electrometeris sensitivetovoltage.H. thepotentialof an isolatedconductor(e.g.,onesideofa capacitor)
ismeasured,themount of chargeon itcanbe derived;and,if the
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impedance(e.g.,a resistor)isutilized,the
be determined..Tnpractice,somecapaci~ C .

andsomeleakageresistanceR arealwayspresentsimultaneously,giving
theinstrumenta certaintimeconstantcharacterizedby theprduct RC.
Ifthetbe of chargingofthecapacitorisshortcomparedwith RC,the
instrumentwillindicatetheamountof chsrgeaccumulatedor induced.
Ontheotherhand,if RC ismuchshorterthanthechargingtime,the
instrumentessentiallywillmeasurethecollectedor inducedcurrent.
Intheintermediateregiontheresponseig.amixtureandgenerallyvery
difficultto interpret.Indesigningan ionclouddetectoramplifier
itisthereforeimportanttohavesomepreviousknowledgeoftheexpected
pulserateofrise,amplitude,anddecay.

Intheairspeedmeasurementsitisessentialtolocateaccurately
thepointin timeatwhicha concentrationmaximumofpositiveions
passesa givenpointinspace.Thefollowingsectionsdiscussthepos-
siblemethods.bywhichthiscanbe achievedinthecaseof lowgas
densities.

Detectionby inducedeffects.-Mostofthepreviousworkavoidedor
neglbctedthecollectionof chsrgeby thedetectorprobesandutilized .
theinductioneffectsforthelocatingsmdtimingoftheionpackets.A

.—

fairlycompleteanalysisofthephenomenaInvolvedinthismethodcanbe
foundinreference3. At lowgasdensities,however,severaldifficul- -
tiesappear.Firstofall,theioncloudsareusuallyspreadoutover
a ratherlargeregionsothatthesignalsreceivedareverybroad.It
shouldbe realizedinthisconnectionthattheinducedvoltageishighest
or theinducedcurrentis zerowhenthetotalchargeontheprobe,
inducedby thewholecloud(inductioneffectintegratedoverallspace),
is largest.Thisinstantneednotcoincidewiththemomentatwhichthe
pointofhighestchargeconcentrationis closesttotheprobe.h Sny
ionpacketwhosedistributionis stronglydominatedby diffusion,how-
ever,thedeviationwillbe verysmall.

.—

A moreseriousproblemis causedby theunavoidabledistortionof
thesignaldueto thecollectionof chargeby thedetectorprobewire
orplateat lowpressures.Theioncloudsareso largethatitdoesnot
seempossibletoplacetheinductionpickupelectrodeentirelyoutside
thetrajectoryofthechargesaswasdonein someofthestudiesat
higherdensities(refs.3 and4). Anyexposedconductorprojectinginto
thepathoftheionswillcollectchargesunlessit isgivena retarding
potentialof sufficientmagnitude(probablyoftheorderof1 voltposi-
tiveforthesuppressionoftheioncurrent).Sucha procedurewould
introduceelectricfieldsdistortingtheioncloudtrajectory,however,
and,whatisworse,wouldmaketheprobe= efficientelectroncollector,
thusintroducingnewad probablyevenmoreseriousdistortionsofthe ●

receivedsignal. .-

A thirddifficultyarisesfromthefactthattheinductionpickup
respondsonlyto thenetchargeofanygiven volume elementinitsneigh-
borhood.Sinceionproductionby electrodelessmeans,asforinstanceby
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.
anelectronbeam,createsessentiallyneutralionizedregionsinthegas,
poorinducedpulseamplitudewillresultwiththismethodofdetection
unlessthedischarge-typeiongenerationisemployed.

Detectionby ioncollection.-Thecollectionof ionsitselfcan,of
course,be usedas a meansofdetectingthearrivalof theconcentration
maximum.Highefficiencycanbe guaranteedifa negativepotentialis
givento thepiclmpprobesothationswillbe attracted.Certainpre-
cautionsmustbe taken,however,to avoidtwosourcesoferror.As
pointedoutinthesection“Motionof,Ions,”theelectricfie~ associ-
atedwitha probeatnegativevoltagewithrespectto itssurroundings
shouldnotbe permittedtopenetrateappreciablyintotheiondrift
space.Accelerationoftheionpacketwouldresultandunreliablemeas-
urementswouldbe obtainedexcept,possibly,ifthedifferencemethod
mentionedinthesection“InterferenceWithFlow”isemployed.More
seriouslydisturbingisthefactthatanycharge-collectingactionby a
detectorisalwaysassociatedwitha certainamountof inductioneffect.
Therelatedphenomenacanbestbe illustratedby a fewsketchesshownin
figures4 and5. Thei~tantofactualcollectionofan ionby an elec-
trodeisthepointin timeatwhichtheionhitsthemetalsurfaceand
isneutralized,thatis,atwhichtheionreachestheendpointof its

. trajectory.Theassociatedcurrentregisteredby theelectrometeris
therateofchangeof inducedchargeimmediatelyprecedingthishstant
ofioncollection.IYallionsina givenpacketwerecaughtby a cer-

. tainelectrode,thesignalcouldprobablybe properlyinterpreted.Iilas-
muchas a smallcollectingprobein thepresentapplicationwillpresum-
ablycatchonlya fractionof thepassingioncloud,a distortedand
shiftedsignalwillresultwhichwill.,ingeneral,notbe suitablefor
thedetectionoftheiondensitymaximm.

Theonlypossiblewaytoavoidboththedifficultyofthedrift
disturbanceandthesignaldistortionistheintroductionofa small,
screenedcollectingprobeas indicatedinfigure6. A fewvoltsnega-
tivepotentialonthecentralcollectorwithrespectto thegrounded
shieldwill,ingeneral,be sufficientto insurerapid,completecollec-
tionofau positiveionsenteringthecage. No appreciableelectric
fieldscanpenetrateto theoutsideanddisturbtheionmotionthereand
verylittleinductioneffectdueto themotionof ionsoutsidetheprobe
isfeltby theinsideconductor.Thepulseshapesreceivedbysucha
shieldedprobearesketchedinfigure6. An additionaladvantageof
thisarrangementistheselectivityasto signofthechargedpsrticles
inthetracerpacket.Thenegativescreenedprobewillrespondalmost
exclusivelyto thepositiveionsin thestreamandthesignalwillbe
relativelylittledistortedby theaccompanyingelectrondistribution.
Theonlyseriousdifficultyintheshielded-collectormethodofdetec-
tionistheunavoidabledisturbanceoftheflowby thisnecessarily

k bu~ probe.Ifa singledetectorcanbe employed,however,thisdis-
turbancecanbe canceledoutinthemannerdescribedinthesection
‘:ilrt-erferenceWithFlow.”.
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CONCLUDINGREMARKS
.

On thebasisof the
thereisreasonablehope
low-densitygasvelocity
electrodelessionization

.

precedingdiscussionsit canbe concludedthat
thattheiontracertechniquecanbe appliedto
determinations,inparticularifwell-localized
turnsouttobe feasible.Thedetailsinvolved

intheactualtime-of-flightmeasurementstobe performedneednotbe
explainedhere,sincetheyarethesaneas thoseathigherpressuresand
havebeendescribedinthevariouspreviouspublicationsreferredto
before.Moreover,a specificexampleisgivenintheappendix.

Itmightbe pointedout,however,thatifan accurately pulsed,well-
collimatedtransverseelectronbeamisusedfortheionproductionthere
is littledoubtthatsufficientreproducibilityfora single-detector
methodcanbe obtained.Ihsucha casethemostreliabledatawillbe
obtainedwhentheshieldedcollectordetectionprobeiskeptfixedfor
a givenvelocitYdetetinationmd thePulsedelectronbeamismoved
alonga streamline.Inthiswayanypossibleeffectoftheprobeonthe
flowiskeptabsolutelyconstantandthetimesofflightof theionclouds
canbe usedtomapthestreamvelocityaheadoftheobstacle.Orbetter
still,ifstificientresolutioncanbe obtained,itwouldbe mostcon- .
venienttoemploytwosimultsmeouslypulsedpsrallelelectronbeamstrans-
verseto thestreamso thattheintervalinthetimesofarrivalatthe
probecanbe used directlyto indicatethevelocityoftheflowinthe

.

regionbetweenthetwobeans.

Considerableexperimentationwillprobablybe neededbeforethe
electrodelessionizationtechniquecanbe ticorporatedina usefullabo-
ratoryinstrument.

UniversityofCalifornia,
Berkeley,Calif.,February20,1953---
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APPln?DIx

INSTRUMENTATIONANDEXPERIMENTALWORK

NACAINSTRUMENT

TheNationalAdvisoryCommitteeforAeronauticsLawPressures
ResearchGroupat theAmesAeronauticalLaboratory,MoffettField,
California,hasconstructedan ion-pulsetrue-airspeedindicatorfor
low-densitysupersonicwindtunnels.Theinstrumentutilizeda pulsed
dischargeforthegenerationof ioncloudsandas originallyconstructed
wasequippedwithtwounshieldedcollectingelectrodesspacedabout
1 inchapart.Thedetectorpreamplifiercouldbe connectedtoeither
ofthetwoprobesby meansofa manuallyoperatedswitch.Thepulse
generatingandtimingcircuitsincludedinthecompleteunitareindi-
catedschematicallyby meansofa blockdiagraminfigure7. Details
ofthecircuitryandoperationof thisinstrumentarecontainedinan
internalAmesLaboratorymemorandum.

Thedevicewastestedinthesmalllow-densi~windtunnelat the
AmesLaboratory(unpublishedwork).!Ihemeasuredvelocitiesseemedto
be inreasonableagreementwiththecalculatedones,butcareful.checks
couldnotbe madebecausetheregionofuniformflowwastoolimitedin
thesmalltestsectionofthetunnel.Subsequently,theequipnentwas
shippedtoBerkeleywherefurtherinvestigationscouldbe carriedoutin
thelargelow-densi~supersonicwindtunnel(ref.8).

AdaptationforWorkatBerkeley

ForthetestsinthelargewindtunnelatBerkeleycertainmodifi-
cationsweredesirable.Thepreamplifiercarryingthepickupprobeswas
detachedfrcmitsbatterypowersupplyandinsertedasa wholeintothe
testsectionandwasmountedrigidlyontheremotelycontrolledtrav-
ersingcarriagesothattheprobepositionwithrespecttothenozzle
couldbe changed.Themanualselectorswitchconnectingtheprobewires
to thepreamplifierwasreplacedby anelectricallyoperatedone. Fif-
teenfeetoflow-capacitycoaxialcablewasusedto leadthehighnega-
tivevoltagepulseintothetestsectiontotheO.010-inch-dismeter
tungstendischargewirewhichprotrudedthroughthenozzlewallintothe
centerof thestream.Sbieldedmicrophonecablesconnectedthepream@i-
fieroutputsignalsto theremainderofthetimingcircuitoutsidethe
tunnel.Becauseofthelongconnectionsneededthepulseappliedat the
dischargegapaswellasthereceivedsignalssuffereda certainunavoid-
ableattenuationanddistortion.

.
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Intheoriginaltestsconductedat theAmesLaboratoryitwas
possible- becauseofthesmallsizeoftheairJet- to shieldthe
detectionprobesfromthedischarge.ThiswasnotfeasibleInthe
Berkeleywindtunnel.

Tofacilitatetimemeasurementswitha calibratedTektronixsynchro-
scopethedifferentiatedmultivibratorsignaloftheNACAinstrumentwas
broughtoutsep~atelyandfedintotheexternaltriggerinputterminal
ofthesynchroscope.Thetimeelapsedbetween.thedischargepulseand
thestartingof thesynchroscopesweepcould thus be variedby meansof
themultivibratorcontrols.Sinceitwasexpectedthattimeoff~ght
measurementsintheBerkeleywindtunnelwouldextendoverintervalsof
severalhundredmicroseconds,correspondingtodistancesup to 10inches,
therangeofthefirstmultivibratorwasincreased10timestoa maximum
periodof 800microseconds.Theintervalometerprovidedintheoriginal
desi~wasnotused. A schematicdiagramofthismodifiedarrangementis
showninfigure8.

MeasurementsWithUnshieldedProbe

AttemptstodeterminetheairspeedintheBerkebywindtunnelwith
thisinstrumentusingunshieldedprobeswerenvtsuccessful.Thepeak
voltagewhichcouldbe appliedtothedischargeelectrcdewasestimated
fromoscillogramstobe about2,500volts.Thiswasnotstificientto
causereproducibleimpulsebreakdowninthefast-movingairatpressures
below0.10m Hg. wove thisminimumpressurethepulseddischarge
appearedasa diffusepurpleglowofaboutl-inchdiametersurrounding,
thetungstenwiresometimesalongitstotallength.Thecurrentspread
inalldirections,presumablyreturningto groundthroughthetunnel
walls.

Thesignalreceivedby thedetectorwasnotsuitablefortransit-
thnemeasurements.Excessiveinterferencefromthedischargebothby
capacitivecouplingandby directcurrentwasnoted(astrongnegative
signaldeflection,thetimeofarrivalofwhichwasessentiallyinde-
pendentoftheprobepositionbuthavinganamplitudewhichdecreasedas
thedistancefrm thenozzlewasincreased).Theportionofthesignal
whichcouldbe clearlyassociatedwiththepositiveiondriftwastoo
broadto operate thepeakselector.Crudemeasurementsmadeusingthe
apparentshiftof certainpointsoftheionsignalgaveerraticresults,
presumablybecausethewaveshapewascausedbya mixtureofcollected
andofpureinducedcurrent.

lkasurementsWithShieldedProbe

Inlinewiththediscussionsofthesection“DetectionofCharges,”
itwasbelievedthatmanyofthedifficultiesencounteredcouldbe

●

✎

w“

. .
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eliminatedby propershieldingoftheprobes.As anattempttoverify
thisinterpretationandinthehopeofobtainingbetterresults,the
tipsoftheprobewiresweresurroundedby groundedcylindricalscreens
constructedofO.001-inch-diametertungstenwire(seefig.9). Itwas
foundthatthisscreeningattenuatedtheoutsidefieldsignalsby a
factorofabout20. Theremainderofthecircuitwasleftunaltered.
Thisshieldedpro%esystemwasmountedinthetestsectimofthewind
tunnelasbeforeanda plasticnozzlewithdesignMachnumber3.1was
selectedforthevelocitymeasurements.

Thesignalreceivedby the@roved probedifferedfromthatof the
unshieldeddetectoras expected.Theinductioneffectdueto outside
electricfieldsandchargemotionwasreducedconsiderably,whilethe
responsetopositiveionsenteringthedetectorwasstrongerthanbefore.
Thedirectdischargecurrentfromthepulsedhigh-voltagewire,however,
turnedouttobe sti~ considerable.Apparentlytheelectricfieldof
thestronglynegativepulsestillpenetratedfarenoughto driveelec-
tronsfromthedischargeintotheshieldedprobe.Forthisreasonitwas
notpossibletousethesignalwhenthedetectorwaslessthan2 inches
downstreamfrcqnthehighvoltagewire. Inordertomakemeasurements
closertothenozzleexit,thedischargewirehadbeenbentsothatits
tipwaslocatedontheaxisabout1 inchupstreamoftheexitofthe
nozzle.

Thepositiveioncurrentcollectedby theprobeappearedinpulses
300to4~ microsecondslong.Unlessthesepulseswereconsiderably
broadenedby theamplifier,theymustbe interpretedas associatedwith
ionclouds8 to 10 incheslong,whichwouldindicatethattheseclouds
extended6 to 8 inchesupstreamintothenozzleduringthedischarge.
Thisissurprising,sincein thecross-streamdirectionstheionclouds
wereclearlylimitedto a diameterofabout2 inches.Itmustbe con-
cludedthenthatthedischargemainlytookplacebetweenthenegative
wireandthegroundedmetalwallsurroundingthenozzleentrance.
Undoubtedlya widegroundedregionontheinsidgofthenozzlewall
immediatelyupstreamof thedischargewirewouldhaveimprovedthesitu-
ationconsiderably.

Unfortunately,thepreamplifierbelongingto thedetectorunitof
theNACAinstrumentwasnotdesignedtohandlepulsesof sucha long
durationbutactedmoreorlessas a differentiatingcircuitforthe
signal(simultaneously@eldingpoorsnplification).Thispartially
differentiatedsignalappearedonthelow-leveloutputlineofthepre-
amplifier(connectedto theinputofthethirdstage).Becauselong
shieldedleadswithconsiderablecapacityhadtobe usedinthesetests
thelaststageofthepreamplifierhadan integratingactionsuchthat
thehigh-leveloutputofthedetectorsystemreproducedtheoriginal
pulsealthoughundoubtedlyina somewhatdistortedshape.
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ltreehandsketchesofthesignalsreceivedby theupstreamdetector
probeastheyappearedonthesynchroscopeareshownInfigure10,where
A signifiesthestationarypartofthepulse,clearlycausedby direct
negativedischargecurrent,and B marksthesectionofthesignalasso-
ciatedwiththecollectedioncurrent.Bothpartsdecreasedinamplitude
as thedistancebetweenthedetectorandthenozzlewasincreased.The
lengthofpulseA didnotchange,asexpected,andpulseB spreadonly
slightlyasthedistanceofflightwasincreased.Thesignalreceived
by thedownstreamprobewasalwaysconsiderablyattenuatedanddiffered
somewhatinshapefromthepulsereceivedby theupstreamprobe.A
shadowingandflow-distortioneffectwasclearlyindicated.

Allsignalswereverysteadyandreproducibleas longasthedis-
chargeswerestable.Thegasflowvelocitycouldthusbemeasuredby
notingtheshiftintimeofthecollectedpulsefora givendisplacement
of thedetector.

Again,unfortunately,thesignalsfromthelaststageofthepre-
amp~fierweremuchtoobroadto operatethe“peakingcircuit”(pulse
shaper)intheproperfashion.Itwasthereforedecidedtoutilizethe
differentiatedpulseappearingonthelow-leveloutputforthetime-of-
flightmeasurements.Twopointsontheoscilloscopetracecouldbe

*

locatedeasily:Thepointof zerosignalor crossingpointa andthe
negativepeakb as indicatedinfigure10. Pointa wasconsideredtobe .
relativelycloselyassociatedwiththemaxfmumconcentrationoftheion
cloud.Moreover,pointa couldbe locatedmoreaccurately(*0.5micro-
second)thanpointb (tlmicrosecond)ona 100-microsecondsynchroscope
sweep.

Inpractice,themeasurementswerecarriedoutin thefollowing
manner.Whentheairstreamwasstabilized,thepulseddischargewas
startedandtheupstreamdetectorprobewasmovedintoposition.The
signalputoutby thepreamplifierwasfedintothesynchroscope,the
calibratedsweepofwhichwastriggeredby thevariablemultivibrator
pulses(variabledelsysynchronizedwiththedischargepulses).The
gateof thecoarsemultivibratorwasadjustedtobringpointa orb into
thefieldofviewofthe100-microsecondsweepofthesynchroscope.The
gateofthefinemultivibratorwasadjustedto lineuppointa orb accu-
ratelywithoneofthemarksontheoscilloscopescreen.Thedetector
wasthenmoved1 inchinthedirectionoftheflow,andtheshiftof
pointa orb onthescreenwasrecorded.Subsequently,themultivibra-
torswerereadjustedto shiftthesignalbackintothefirstpositionon
the screenandthedetectorwasmovedanotherinch,andsoon. Thiswas
carriedonovera totallengthof6 inchesalongtheaxisofthesuper-
sonicjetandwasrepeatedata level1.50inchesbelowtheaxis.All
measurementsweredoneusing bothpointsa andb. Theresultsareshown
infigure11. Thereproducibilityofanygivenmeasurement(scatter)
waswithinabout3 percent.Thedifferencebetweenthevelocitiesof
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pointa andpointb is seentohavebeenlessthantheprobableerror,
indicatingthattheeffectofdiffusionwasnegligibleinthispartof. theioncloud.Apparentlytheioncloudwasspreadovertoolargea
volumeandwastoouniformindensityto showrapiddiffusioninthe
centerportion.Moreover,thedifferentiatedsignalprobablywasso
badlydistortedthatitwasnotpossibletobe certainoftheexact
locationofpointsa andb withinthecloud.

C!anparisonwiththevelocitycorrespond3mgto themeasuredMach
numberas determinedby impactsndstagnationpressuremeasurementsand
assumingisentropicflowrevealsa consistentdiscrepancy.Becauseof
theratherMnitedaccuracyofallthesemeasurements,coupledwithsane
uncertaintyintheisentropic-flowassmnption,thelackofagreement
shouldnotbe regardedastooserious.ti addition,it shouldbe pointed
outthata systematicerrorintheioncloudtransit-tiuwdetermination
couldhavebeenintroducedby an inaccuracyofthesynchroscopesweep
speedwhichisgusmnteedto only3 percent.Forreliablemeasurements
calibrationwithan absolutestandardsuchasa crystalcontrolledsignal
generatorwouldbe needed.

~ spiteoftherathersketchyresultssofar,it.
clearfromtheprecedingdiscussionsthattheshielded
areconsiderablymoresuitableforionclouddetection

. gasstreamthantheunshielded”ones.

SUGGESTIONSFORFURTHERDEVELOPMENT

DetectionAmplifier

shouldbe quite
detectorprobes
ina low-pressure

Forreliablemeasurementsit is of considerableimportancethatthe
amplifierfortheioncurrentpulsedoesnotdistortthesignal.It tS
necessary,therefore,thatthedetectorbe providedwitha wide-band
pulsepreamplifierwhichcanreadilybe insertedintothetestsections
ofwindtunnels.A reliablepeakselectorora gooddifferentiating
circuitshouldbe ticludedto-facilitatelocatti
ioncurrent.

ElectronBeamIonSource

Itis clearthata pulsedelectricdischsrge

the timeofmaximum

isnota suitable
meansforwell-localizedionpr~uctionat gaspressuresintheneigh-
borhoodofO.lmmHg. Itis advised,therefore,thata suitableelectron

● gunfortheprductionof ionsby.apulsedelectronbeambe developed.
Severalmethodsseempossibleforthepresentapplication(seealso
refs.2 and3). An auxiliarypulseddischargecouldbe producedat

. test-sectionpressureina well-shieldedsidetube. A smallholeinthe
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ancilewouldpermittheelectronsto leavethegun,andit isknownthat
- electronswiU fallthroughthetotalpotentialwithoutnoticeable
lossinenergy.Forreliableoperationitwouldprobablybebestto
maintaina steadyweakglowdischargeat about500voltsand10@a/cm2
in thissidetubetokeepitfilledwithconductingplasma,so thata
5,000-to 10,000-voltnegativepulseatthecath@ecou@ producethe
desiredelectronbeamwithoutanylossintimeforbreakingdownthe
gas. Theande.andshieldof Us guncouldbe keptatgroundpotential
atalltimes.Theonlyremainingproblemthenwouldbe theintroduction
intothetunnelofa sufficientlyshortandstrongpotentialwavetoforce
thepulsethroughthedischarge.

Thedifficultiesinvolvedinproducinga high-voltagepulsecambe
avoidedifa conventional-typeelectrongunisemployed.Eeretheaccel-
eratingpotentialmaybe keptconstantandtheelectronbeamcouldbe
suppressedandreleasedatwillby a shuttergridatthelow-voltageend.
Thismethodwouldhavetheaddedadvsntsgethatelectrostaticfocusing
ofthebeamcouldbe obtainedwithoutmucheffort.Thechiefobjection
to thismethodisthefactthata ratherfastadditionalpumpisneeded
forthecontinuousevacuationofthegunchamber.Thepressureinthe
gunshouldbe 0.01micron,whilethecollimatingholethroughwhichthe
beampassesandgasfromthetestsectionentersmayhavetobe 0.1sqwre
millimeterinareato obtainsufficientionization.Fora test-section
pressureof100micronsthepumpspeedwouldhavetobe atleast1 mcron.
liter,thatis,atleast100litersat a pressureof0.01micron.While
cumbersome,suchan arrangementis definitelypossible(ina largefree-
Jetwindtunnel,forinstance,a diffusimpumpcanbemountedtotally
insidethetestchsmber).Therearendofa suitablecathode-rsytube
couldbe usedtogreatadvantageto formtheelectronbesmifau addi-
tionalacceleratingelectrodeisadded.Ifitwerenotpossibleto
reactivatetheoxide-coatedcathode”ofsucha tubewithsufficientease,
a thoriatedtungstenfilamentwouldbeused. Severalmilliamperestotal
emissioncurrentwouldprobablybeneededforthemanufactureofanade-
quateelectronbeam.

.—

.-
.

. —

Eventually,a double-beamelectrongunshouldbe designed,sinceit
appearslikelythatthebestresultswillbe obtainedwitha two-pulse
single-detectormethodasdescribedpreviously,as longas thecloudscan
be keptsufficientlywellseparated.Itmayturnoutthatevena colli-
matedenergeticelectronbeamproducesvetydiffuseionclouds at low gas
densitiesbecausemostoftheionizingisdoneby thefewstrongly
scatteredelectrons.Ihthiscaseitwouldbe necessaryto investigate
thepossibilityofaddinga longitudinalmagneticfieldtotheelectron
gunto keeptheelectronsinthenarrowbeam. A fieldof400gausses
willkeep6~-voltelectronsona 2-miHimeterradiuswhilehavingonly
a smalleffecton themassivepositiveions(inspiteoftheirloy *
kineticenergy,sincetheyhavea muchshortermea freepath).Sucha

—

methodwouldpermittheuseoflowerener~ electronsbecauseofthe
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reducedlossby scattering.Softerelectrons,however,havea higher
ionizingprobability,sothata lessintensebeamwouldhavea sufficient
yield.Moreover,thelowervoltageintheelectrongunwillpermitoper-
ationathighergunpressuresothatsmallerpumpscouldbe employed.
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