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Wereporttheresultsof rotationaltemperaturéTr ) measurementas high-pressuré400Torr)
microhollov cathode(MHC) dischagesin Ne with a traceadmixtureof N» usingthe unre-
solvedN. secondpositive bandandtheN} rst negative band.Signi cantly differentvalues
for Tr wereobtainedor respectiely N, andNj . Therotationaltemperaturesbtainedrom
the analysisof the N, bandsystemare slightly abose room temperaturejncreasewith in-
creasinglischagecurrentandmaybeinterpretedasthe gaskinetic temperaturén the MHC
dischage plasma By contrasttheanalysisof theN; bandsystemyieldedrotationaltemper
aturesof morethan900K, whicharetheresultof collisionalreactionprocessekadingto the
formationof rotationallyexcited N, ions. Theeffective lifetime of theseionsis comparable
to the rotationalrelaxationtime, so that the ions retain much of their rotational excitation
prior to emissionand are not in thermalequilibrium with the bulk gas. Thus,the Tr val-
uesobtainedfor N} cannotbe equatedwith the gaskinetic temperaturén the plasma.We
alsocarriedout a rotationalanalysisof the unresoled N, secondpositive systememittedby
anatmospheric-pressurapillary plasmaelectrodg CPE)dischagein ambientair andmea-
suredatemperaturef 545K. This temperatureanay be closeto the gaskinetic temperature
astherotationalanalysisutilized N, emissiondrom insidethe capillary which is theregion
of highestplasmadensityandhighestgastemperaturén a CPEdischage.

PACS: 52.25.0s52.20.Fs

1 Intr oduction

Emissionspectroscopis a powerful tool to obtaininformationaboutthe importantparameters
thatcharacterize@on-equilibriumdischage plasmasitbothlow andhigh pressuréfor adetailed
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review of this eld andthe literatureup to the mid 1990s,seeGriem [1]). Emissionsof di-
atomicspeciesuchasN,, N; , OH, andNO canbe usedto determingranslationalyibrational,
androtationaltemperaturesf the plasmaspecies.Emissionspectroscopin conjunctionwith
electron-impactrosssectionscanalsobe usedto obtainat leastqualitative informationabout
the enepy distribution of the plasmaelectrons.Electrondensitiescanbe determinedrom the
Starkbroadeningf the H Balmer line or from the NO -bandemissionspectrum.The rota-
tional temperaturelr is perhapgshe mostfrequentlydeterminedquantityfrom plasmaoptical
emissiorspectroscop (OES)asits determinatiormayre ect the gastemperaturén the plasma
and/ormprovideinsightinto thereactionkineticsof importantplasmaspecie$2]. Thesecondbos-
itive bandsystemof N, (C® ! B2 ) andthe rst negative bandsystemof N; (B2 ;!

X 2 4) areperhapghe mostfrequentlyanalyzedmolecularemissionsystemsn OESstudies.
Thereasoris thattheseemissionsarereadilyobsenedin mary dischagetypesaslong asthere
is atraceof N in the dischage gasmixture andthatthe molecularconstantdlescribingthese
two transitionsarewell-known [3], so that syntheticmodel spectraof thesetwo bandsystems
canbe calculatedeasilyandwith high accurag. Assumingthatthe emitting N, moleculesor
N3 ionscanbedescribedby a Maxwell-Boltzmanndistribution characterizedby a singlerota-
tional temperaturélr, this temperatureanbe determinedrom a t of the measureagmission
spectrumupsuallyfrom asingle,isolatedvibrationalband to asyntheticspectrumwith Tr asthe
only free parameterThis canbe accomplishedfor instanceby recordingthe fully rotationally
resolhedstructureof theband(i.e. by recordingtheemissiorintensityof theindividualrotational
linesof theband)andby tting theintensitiesof therotationallinesto a “rotational Boltzmann
factor”from which onecanobtainTg . As analternatie to recordingfully rotationallyresohed
spectrapnecanrecordtheunresoledernvelopeof vibrationalbandwith high statisticalaccurag
andthenobtainTg from a“best-t" of the ervelopeof the measuredspectrumto a calculated
bandervelope,againwith the rotationaltemperaturesthe only free parameter However, the
calculationof the bandernveloperequiresthe convolution of the calculatedntensityof eachro-
tationallineswith amonochromatoslit function,which mustdeterminedvith high precisionin
aseparatexperimentusinganarrov atomicline emission.

The rotationaltemperaturesleterminedn the kind of OES studiesdescribedabove re ect
therotationalpopulationof the emitting specieslf the emitting speciesarein equilibriumwith
thebulk gasin theplasmathenthistemperatureanbeinterpretedasthegaskinetictemperature
in theplasma.Traceamountf N, arefrequentlyaddedo plasmagasmixturesthatdo notcon-
tain N in aneffort to determinghe gaskinetic temperaturdrom arotationalanalysisof the N,
or N; emissions.However, greatcaremustbe exercisedin theinterpretationof suchmeasure-
ments.The measuredotationalN, or N; temperatur&anonly be equatedvith the gaskinetic
temperaturén the plasmajf theemittingspeciesarein equilibriumwith thebulk gas.Situations
may alsoarise(seee.g. Wiesemanrandco-workers[2] andreferenceshereinto earlierwork)
wheretwo rotationatemperatureareneededo t ameasureémissiorband,usuallyalow Tr1
representingotationally“cold” specieandahigherTgr, representingotationally“hot” species.
Thepresencef rotationally“hot” speciesinderthosecircumstancess usuallytheresultof more
or lesscomple collisionalinteractionsnvolving the variousplasmaconstitutentshatleave the
emittingspeciesn rotationallyexcited states.

In the presentstudywe determinedotationaltemperatureor N, andN; in high-pressure
(400 Torr) microhollon cathodgMHC) dischagesin mixturesin Ne with a traceadmixtureof
N2 employing a rotationalanalysisof the unresohed N, secondpositive bandandthe N3 rst
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negative band. Signi cantly differentvaluesfor Tr wereobtainedfor respectiely N, andN; .
The relationof theserotationaltemperatureso the gaskinetic temperatureandto the reaction
kinetics leadingto the formation of the emitting N, and N3 specieswill be discussed. We
alsocarriedout a rotationalanalysisof the unresohed N, secondpositive systememittedby an
atmospheric-pressuoapillary plasmaelectrodg CPE)dischagein ambientair.

2 Experimental Details

The detailsof the two high-pressuralischage plasmasusedin the presentstudieshave been
describedn earlierpublicationg4-7] andonly a brief summarywill begivenhere.

2.1 Micr ohollow Cathode(MHC) and Capillary PlasmaElectrode (CPE) Discharges

A hollow cathodgHC) dischage device consistsf a metalliccathodewith a holein the center
andan arbitrarily shapedmetallicanode.The two electrodesreseparatedy aninsulatorwith
aholein it thatis similar in size and shapeto the hole in the cathode. When a dischage is
ignited in sucha con guration, the negative glow is spatially con ned in the cathodecavity.
Theelectric eld in thisregion createsatroughwhich is responsibldor the strongacceleration
of the electronsand may causean oscillatory motion of the electronin the trough (“pendulum
electrons”[8-11]. These"pendulumelectrons”canundego mary ionizing collisionswith the
backgroundgasthus creatinga high-densityplasmawhich emitsintenseradiation. The hole
diameterD of a HC dischage device is inverselyproportionalto the operatingpressureup to
about10 Torr/D (in cm) for noblegasesandN; [12,13], sothatatmospheric-pressumperation
requiresa hole diameterof the orderof 100 m (microhollow cathodeor MHC dischage).

TheMHC dischagedevice usedin the presenstudyhasbeendescribedn detailin previous
publications[4, 5] andonly a brief descriptionwill be given here. The electrodef our MHC
dischagedevice aremadeof 0.1 mm thick molybdenunfoils separatedby a 0.25mm spaceiof
aninsulatorwith aholeof about150 m diameteiin thecathodethedielectric,andin theanode.
Supplyvoltagesweretypically betweem00V to 700V andsustainingdischage)voltagesvere
in therangeof 200V - 300V dependingon the gas,the pressureandthe actualgeometryof
theMHC dischage. Dischagecurrentdp | s variedbetweerD.5—3 mA. Theoperatinggaswas
high-pressur®le (around400Torr) with asmall(typically 1 %) admixtureof N».

Thebasisfor theatmospheric-pressuoperatiorof thecapillaryplasmaelectrodg CPE)dis-
chageis anovel electrodedesignthatusedielectriccapillariesthatcoveroneor bothelectrodes
of adischagedevice [6, 7], which in mary otheraspectdooks similar to a corventionaldielec-
tric barrierdischage (DBD). The capillaries,with diametersn the rangefrom 0.01to 1 mm
andlength-to-diameteratiosof the orderof 10:1,sene asplasmasourcesvhich producgets of
high-intensityplasmaat atmospherigressuraindertheright operatingconditions. The plasma
jetsemege from the endof the capillary andform a “plasmaelectrodefor the main dischage
plasma. Under the right combinationof capillary geometry dielectric material,and exciting
electric eld, asteadystatecanbe achieved. The placemenbf the tubular dielectriccapillaries
in front of the electrode(streatesa dischagewith propertiedistinctly differentfrom thoseof
a DBD. The CPEdischage displaystwo modesof operationwhenexcited by pulseddc or ac.
Whenthefrequeng of theappliedvoltagepulseis increase@bove afew kHz, oneobsenes rst
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adiffusemodesimilar to the diffuseglow describebf a DBD asdescribedy Okazakiandco-
workers[14]. Whenthefrequeng reaches critical value (which dependstronglyon the L/D

valueandthefeedgas),the capillaries“turn on” anda bright, intenseplasmajet emegesfrom

the capillaries. While a full understandingf the fundamentaprocesse the CPEdischage
on a microscopicscalehasnot beenachieved, it appearghat the capillariesact asindividual
high-densityplasmasourcesTheinitial stepis theformationof astreamedik e dischageinside
eachcapillary, whosepropertiesarecritically determinedy their interactionwith the dielectric
walls of thecapillaries. Thetransitioninto anarcis preventedby thefactthatthecurrentthrough
thecapillariesis self-limiting, i.e. the gasdensityinsidethe capillary decreasewith time dueto
gasheatingwhich putsanupperlimit to the conductvity asaresultof gasstanation.

The CPEdischage device usedin the presentstudy consistedf a squareb x 5 areaof 25
capillary electrodes. The dischage was operatedin ambientair and excited by AC voltage,
6.68kV peak-to-peakat about20 kHz. The dischage currentwasabout5.3 mA per capillary
andwaskeptconstanfor all studiesnvolving the CPEdischagedevice.

2.2 SpectroscopicMeasurements

Two differentexperimentaket-upsvereusedfor the spectroscopicneasurementshich will be
describedrie y in thefollowing section.

The experimentalset-upfor the emissionspectroscopistudiesof the MHC dischage con-
sistsof a Bausch& Lomb double-gratingmonochromatoequippedwith three setsof x ed
entranceand exits slits correspondingo full width at half maximum (FWHM) resolutionsof
2 nm, 0.5nm, and0.2 nm. All measurementeeportedherewere carriedout with a 0.2 nm
(FWHM) resolution.The MHC dischagewasmounteddirectly to the entranceslit assemblyof
themonochromatorA wide-rangecooledphotomultipliertube(PMT) wasusedto detectthe N,
andN; photonsat the exit slit of the monochromatorThe obsered spectravere obtainedby
scanningthe monochromatoacrosshe respectie wavelengthregionsof the (1,2) bandof the
N secondpositive system(around354 nm) andthe (0,0) bandof theN; rst negative system
(around391.5nm), whichwereselectedisthey arefreefrom contaminatiorfrom adjacenemis-
sion featuresandrecordingthe emissionintensity asa function of wavelengthundercomputer
control. Greatcarewasexercisedto limit the photoncountrateto the regime wherethe output
signalof thePMT variedlinearly with theintensityof theinputsignalin orderto avoid saturation
effects.

The experimentalset-upfor the emissionspectroscopistudiesof the CPE dischage was
comprisedf a SPEXhigh-resolutionscanningnonochromatowith variableentranceandexits
slits in conjunctionwith a 1024x 256 pixel CCD detectofRoperScienti ¢ I-MAX - 1024).In
the presentwork, the slit-width of both slits wassetto 100 m which corresponds$o 0.25nm
resolution(FWHM). The useful spectralrangeof the spectrometer CCD cameradetection
systemspansthe interval from 200 nm to 800 nm. To optimizethe collectionof light a lens
(focal lengthf = 7.5 cm, diameterd = 4.5 cm) wasusedto focusthe light from the capillary
dischagearrayontothe entranceslit of the monochromatorThe plasmareactorwaspositioned
in suchawaythatthelight wascollectedirom theaxisof asinglecapillary. Thus,we determined
the rotationaltemperaturdrom gasin the plasmaregion of highestplasmaandcurrentdensity
Emissionspectrawererecordedn the wavelengthrangefrom 210 nm to 350 nm coveringthe
emissionof theNO -bandsandthe N,secondoositive system.Only the resultsobtainedfrom
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Fig. 1. Comparisorof a measuredpectrumof the (1,2) bandof the N, secondoositive bandrecordedcata
dischage currentof 1 mA in aMHC dischagein 400 Torr Ne with a 1% admixtureof N> (lled triangles)
with a modelspectrumcorrespondingo a rotationaltemperatureof 375K (opencirclesconnectedy a
line).

the N, secondpositive systemare reportedhere. The output of the CCD camerawas routed
into a PC for datastorageandfurtheranalysis.As before,the signalintensitywaschoserto be
sufciently low to avoid saturatioreffectsof the CCD detector

3 Resultsand Discussion

The calculationof the line intensitiesfor the syntheticspectraof boththe N, secondpositive
systemandtheN; rst negative systemis straightforward[15] usingthe molecularconstantss
reportedby LauxandKruger[2] andneednotbereiteratechere.For thecalculationof theunre-
solvedbandervelopesgachrotationalline wascornvolutedwith anappropriatanonochromator
slit function.

In thecaseof therotationattemperatureneasuremenia N, andN; for thehighpressuréNe
MHC we addeda 1% admixtureof N,. Dischagecurrentsvariedbetweer0.5and3 mA. Fig. 1
shawvs a comparisorof a measuredgpectrumof the (1,2) bandof the N, secondpositive band
recordedat a dischage currentof 1 mA with a model spectrumcorrespondingo a rotational
temperaturef 375K. The modelspectrumandthe measuredgpectrumwerenormalizedto one
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Fig.2. 2 (seetext for de nition) asa functionof the rotationaltemperaturdor the rotationalanalysisof
theN, secondositive bandin aMHC dischage at threedifferentdischage currents.

anotheratthe positionof the maximum.The agreemenbetweerthe 2 spectras generallygood
exceptperhapsaround353 nm, which is the onsetof the R-branchlines, wherethe calculated
spectrumies slightly above the measuredlata.Fig. 2 shovstheresultof a systematictatistical
analysisof ts correspondingdo varioustemperature$or dischage currentsof 0.5 mA, 1 mA,
and3 mA. We plot therelative “chi-squared”, 2, asafunctionof theselectedr'r valuefor the
t [therelatve 2isdenedas 2= [yi —y(x;Tr)]? (i =1, ..., N) wherey; denoteshe
measuredntensityat thei-th wavelengthposition,y(x;;Tr) refersto the calculatedntensityat
the samewavelengthpositionfor a x ed Tg, andthe sumextendsover all datapointsfrom 1 to
N]. In all threecasesthe curvesdisplayclearminimaattemperaturesf 375K for adischage
currentof 1 mA, at 425K for 3 mA, and between325 K and 350K for a dischage current
of 0.5 mA. The shapeof the ? curvesalso suggestghat the determinationof the rotational
temperaturesanbe accomplishedo betterthan 10% (or about 25K). A similar rotational
analysisvascarriedoutfor theN3 rst negative system.Fig. 3 shavstheresultof the statistical
analysisfor N3 at the samethreedischage currentsof 0.5 mA, 1 mA, and3 mA as before.
Again,thethree 2 curvesdisplayclearminima. However, therotationaltemperaturearemuch
highercomparedo N, with valuesof 875K, 1050K, and925K (with a similar accurag of
about 25K) for currentsof 0.5mA, 1 mA, and3 mA, respectrely. Therotationaltemperatures
obtainedor N; arethushigherby abouts00K comparedo therotationattemperaturesbtained
for N, anddo not seento increasenonotonicallywith increasingdischagecurrent.
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Fig.3. 2 (seetext for de nition) asa functionof rotationaltemperaturdor the rotationalanalysisof the
N; rst negative bandin aMHC dischageatthreedifferentdischage currents.

The signi cant differencein the rotationaltemperaturebtainedfor N, and N3 in high-
pressurdViHC dischagesin Ne with 1% N, canbeattributedto the differentpathwaysinvolved
in the excitation and relaxationof the two emitting states. The main route to the formation
excited No(C 2, =1) moleculeswhich give rise to the obsered (1,2) bandof the second
positive systemof N is electronimpactfrom theN, groundstateandfrom metastablé, states.
TheN; moleculesn thegroundstateandin the metastablatatesarein equilibriumwith thegas
kinetictemperaturafterafew collisionswith theNeatoms.Thisis afastprocesslueto thehigh
collisionfrequenciesithigh pressureTherotationalrelaxatiornumberZ,o; , whichcharacterizes
the exchangeof rotationalandtranslationaknegiesof the plasmaspeciesandwhichis givenby
theratio of therotationalrelaxationtime to the collision time, hasbeenmeasureéndcalculated
in Ne/N, mixturesto be around?2 [16] andthe rotationalrelaxationtime hasa value of about
1 nsundertheoperatingconditionsin our MHC dischage. Theapparentadiative lifetime of the
emitting C-stateis about18 ns (which is a factorof 2 lessthanthe naturalradiative lifetime of
37nsbecaus®f collisonalguenching) Thus,the effective lifetime of the emitting stateis about
18timeslongerthantherotationalrelaxationtime andtheemittingstateis in thermalequilibrium
with thebulk gas.This meanghatthe rotationaltemperaturesbtainedfrom the analysisof the
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N secondositive bandundertheseconditionscanbeinterpretedasthegaskinetictemperatures
in theplasma.

By contrast,the formationof N, (B 2 }, =1)ions proceedsvia electronimpactioniza-
tion of N, via chage exchangeof N, with Ne* andNe, ions, andvia a two-stepprocess
involving Penningionizationof N, by Ne metastableinto the groundstateof the ion andthe
lowerlying A-statefollowedby electronimpactexcitationto the B-state.In addition,three-body
collisionsinvolving Ne; , N2, andNe canalsoresultin theformationof N3 (B) ions, albeitwith a
muchsmallerrateconstan{17]. Ne; areformedin appreciableuantitiesin dischagesin high-
pressuréNe asthey areprecursorsgo theformationof Ne, excimers(seee.g.Refs.[5] and[18]).
Khacefet al. [17] summarizedvariousreactionchannelsn Ne/N, dischagesinvolving colli-
sionsbetweenNe* or N&; with N, leadingto the formationof N3 (B) ions andprovided rate
constants.n our 400 Torr Ne MHC dischage with 1% N, admixture two-bodycollisionsare
muchmoreimportantin the formationof N3 (B) ionsthanthree-bodycollisionsandcollisions
betweenvibrationally excited Ne; ionsandN, arethe dominantreactionpathway. Depending
ontheamountof vibrationalexcitation,theNe, ionscarrybetweernl8.9eV and20.3eV enegy
(usingthetwo Ne atomswith zerotranslationakinetic enegy asthe“zero” of the enegy sale).
This enegy is maginally higherthanthe minimumenegy (18.75eV) requiredto form N, (B)
ions. Therefore the higherrotationaltemperaturesbtainedfrom the rotationalanalysisof the
N3 rst negative bandin our MHC dischage arelikely the resultof rotationalheatingof the
N3 (B) ionsformedin chageexchangecollisionsbetweerN, andNe; ionsin conjunctionwith
thefactthattherotationallyexcitedN; (B) ionshaveinsufcient time to relaxprior to emission.
The N3 (B) ionsareefciently quenchedia collisionswith N, andNe [19,20] andvia disso-
ciative recombinatiori21]. For the operatingpressuref 400 Torr in our dischageanda 1% N,
admixturewe estimatequenchindifetimes of the excited N (B) ions of about13 ns(collisions
with N3), 3.5ns(collisionswith Ne),and20 ns(dissociatve recombinatiorfor anelectronden-
sity of 5 10* cm 2). Thus,binary quenchingcollisionsshortenthe naturalradiative lifetime
of theN; (B) ionsof 55 nsto aneffective radiative lifetime of about2 ns(whichis still anupper
limit asit doesnot take into accountotherbinary quenchingorocessesvith e.g. Ne, excimers
and metastableandthree-bodyguenchingcollisions). When comparedwith the rotationalre-
laxationtime of aboutl ns, it is apparenthatthe excited N} (B) ionswill not achieve thermal
equilibriumwith the bulk gas,but ratherretainmuchof their rotationalexcitation prior to emis-
sion. This explainsthe muchhigherrotationaltemperaturesbtainedfor N3 ions comparedo
the N, molecules.

We limited the rotationaltemperatureneasurementi® our high pressureCPEdischagein
ambientair to the analysisof the N, secondpositive bandsystem.A typical emissionspectrum
of the(0,1) bandof theN, seconcpositive systenrmear357nmfrom the CPEdischageis shovn
in Fig. 4. The measureagpectrumis comparedwith calculatedspectracorrespondindo three
temperatures350 K, 545K, and 650 K. The calculatedcurve correspondingo Tr = 545K
representshe best t to the measuredgspectrum. The spectrumcorrespondingo Tr = 350K
clearlyunderestimatethe shortwavelengthpart of the band,whereaghe spectruncorrespond-
ing to Tk = 650K overestimateshe samepart of the band. The “best t” correspondindgo a
Tr valueof 545K is theresultof a careful statisticalanalysisof the comparisorbetweenthe
measuredindthe calculatedspectraand hasbeendeterminedwith a maigin of un certaintyof
about 20K. Therotationaltemperatur@btainedn the CPEdischagein ambientair for N is
signi cantly higherthattherotationalN, temperaturesbtainedn MHC dischagesin 400 Torr
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Fig. 4. Comparisonof a measuredspectrumof the (0,1) bandof the N, secondpositive bandrecorded
at a dischage currentof 5.3 mA per capillary in an atmospheric-pressu@PE dischage in ambientair
with modelspectruncorrespondingo a variousrotationaltemperaturesThe experimentaldatapointsare
shawvn astheopencirclesconnectedy athin solidline. Thethick solidline representthemodelspectrum
correspondingo aTr valueof 545K. Thetwo dashedinescorrespondo calculatedspectracorresponding
to Tr valuesof respectrely 650K (long dashedine) and350K (shortdashedine).

Ne with 1% N,. Two factorsmay contrituteto the higherrotationaltemperaturem the caseof
the CPEdischage. First of all, the optical set-upin the caseof the CPEdischageis suchthat
only radiationfrom insidethecapillary, whichis theregion of highestplasmadensityandhighest
gastemperaturén this dischagetype [6] is focusedontothe entranceslit of the monochroma-
tor andanalyzedn termsof its rotationaltemperature Secondly the quenchingof the excited
N2 (C) moleculeds moreeffective atatmospheripressurén the CPEdischage(ascomparedo
400Torr in theMHC dischage)andmay shortenthe effective lifetime of the excited molecules
to avaluethatis closerto the 1 nsrotationalrelaxationtime. Thus,ary rotationalexcitationthat
may have beenimpartedon the N, (C) moleculesupontheir formationmay be partially retained
andthe N, (C) moleculesnay notbein thermalequilibriumwith thebulk gasin the plasma.

4  Summary

We carriedout rotationaltemperaturaneasurementms high-pressurg400 Torr) microhollow
cathodg(MHC) dischagesin Ne with a traceadmixtureof N, usingthe unresohedN, second
positive bandandtheN; rst negativeband.Therotationaftemperaturesbtainedrom theanal-
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ysis of the N, bandsystemareslightly abose roomtemperaturgéaround400K), increasewith
increasingdischage current,andmay be interpretedasthe gaskinetic temperaturén the MHC
dischage plasmaundertheseoperatingconditions. By contrast,the analysisof the N; band
systemyieldedrotationaltemperaturesf morethan900 K, which arethe resultof collisional
reactionkinetic processekeadingto theformationof rotationallyexcitedN; ions. Theeffective
lifetime of theseionsis comparableo therotationalrelaxationtime, sothattheionsretainmuch
of their rotationalexcitation prior to emissionandarenot in thermalequilibriumwith the bulk
gas.We alsocarriedout a rotationalanalysisof theunresohedN, secondbositive systememit-
ted by an atmospheric-pressuapillary plasmaelectrode{(CPE) dischage in ambientair and
measurec temperaturef 545K. Thistemperaturenay be closeto the gaskinetic temperature
asthe rotationalanalysisutilized N, emissiondrom insidethe capillary which is the region of
highestplasmadensityandhighestgastemperaturén a CPEdischage.
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