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Wereporttheresultsof rotationaltemperature(TR ) measurementsin high-pressure(400Torr)
microhollow cathode(MHC) dischargesin Ne with a traceadmixtureof N2 usingtheunre-
solvedN2 secondpositive bandandtheN+

2 �rst negative band.Signi�cantly differentvalues
for TR wereobtainedfor respectively N2 andN+

2 . Therotationaltemperaturesobtainedfrom
the analysisof the N2 bandsystemareslightly above room temperature,increasewith in-
creasingdischargecurrent,andmaybeinterpretedasthegaskinetic temperaturein theMHC
dischargeplasma.By contrast,theanalysisof theN+

2 bandsystemyieldedrotationaltemper-
aturesof morethan900K, whicharetheresultof collisionalreactionprocessesleadingto the
formationof rotationallyexcitedN+

2 ions. Theeffective lifetime of theseionsis comparable
to the rotationalrelaxationtime, so that the ions retainmuchof their rotationalexcitation
prior to emissionandarenot in thermalequilibrium with the bulk gas. Thus, the TR val-
uesobtainedfor N+

2 cannotbe equatedwith thegaskinetic temperaturein theplasma.We
alsocarriedout a rotationalanalysisof theunresolvedN2 secondpositive systememittedby
anatmospheric-pressurecapillaryplasmaelectrode(CPE)dischargein ambientair andmea-
sureda temperatureof 545K. This temperaturemaybecloseto thegaskinetic temperature
astherotationalanalysisutilized N2 emissionsfrom insidethecapillarywhich is theregion
of highestplasmadensityandhighestgastemperaturein a CPEdischarge.

PACS: 52.25.Os,52.20.Fs

1 Intr oduction

Emissionspectroscopy is a powerful tool to obtaininformationaboutthe importantparameters
thatcharacterizenon-equilibriumdischargeplasmasatbothlow andhighpressure(for adetailed
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review of this �eld and the literatureup to the mid 1990s,seeGriem [1]). Emissionsof di-
atomicspeciessuchasN2, N+

2 , OH, andNO canbeusedto determinetranslational,vibrational,
androtationaltemperaturesof the plasmaspecies.Emissionspectroscopy in conjunctionwith
electron-impactcrosssectionscanalsobe usedto obtainat leastqualitative informationabout
theenergy distribution of theplasmaelectrons.Electrondensitiescanbe determinedfrom the
Starkbroadeningof theH Balmer-� line or from theNO � -bandemissionspectrum.Therota-
tional temperatureTR is perhapsthe mostfrequentlydeterminedquantityfrom plasmaoptical
emissionspectroscopy (OES)asits determinationmayre�ect thegastemperaturein theplasma
and/orprovideinsightinto thereactionkineticsof importantplasmaspecies[2]. Thesecondpos-
itive bandsystemof N2 (C 3� u ! B 3� u ) andthe�rst negative bandsystemof N+

2 (B 2� +
u !

X 2� g) areperhapsthe mostfrequentlyanalyzedmolecularemissionsystemsin OESstudies.
Thereasonis thattheseemissionsarereadilyobservedin many dischargetypesaslong asthere
is a traceof N2 in thedischargegasmixture andthat themolecularconstantsdescribingthese
two transitionsarewell-known [3], so that syntheticmodelspectraof thesetwo bandsystems
canbe calculatedeasilyandwith high accuracy. Assumingthat the emitting N2 moleculesor
N+

2 ionscanbedescribedby a Maxwell-Boltzmanndistribution characterizedby a singlerota-
tional temperatureTR , this temperaturecanbedeterminedfrom a �t of themeasuredemission
spectrum,usuallyfrom asingle,isolatedvibrationalband,to asyntheticspectrumwith TR asthe
only freeparameter. This canbeaccomplished,for instance,by recordingthefully rotationally
resolvedstructureof theband(i.e. by recordingtheemissionintensityof theindividualrotational
linesof theband)andby �tting theintensitiesof therotationallinesto a “rotationalBoltzmann
factor” from which onecanobtainTR . As analternative to recordingfully rotationallyresolved
spectra,onecanrecordtheunresolvedenvelopeof vibrationalbandwith highstatisticalaccuracy
andthenobtainTR from a “best-�t” of theenvelopeof the measuredspectrumto a calculated
bandenvelope,againwith the rotationaltemperatureasthe only free parameter. However, the
calculationof thebandenveloperequirestheconvolution of thecalculatedintensityof eachro-
tationallineswith amonochromatorslit function,whichmustdeterminedwith highprecisionin
aseparateexperimentusinganarrow atomicline emission.

The rotationaltemperaturesdeterminedin the kind of OESstudiesdescribedabove re�ect
therotationalpopulationof theemittingspecies.If theemittingspeciesarein equilibriumwith
thebulk gasin theplasma,thenthistemperaturecanbeinterpretedasthegaskinetictemperature
in theplasma.Traceamountsof N2 arefrequentlyaddedto plasmagasmixturesthatdonotcon-
tainN2 in aneffort to determinethegaskinetic temperaturefrom a rotationalanalysisof theN2

or N+
2 emissions.However, greatcaremustbeexercisedin the interpretationof suchmeasure-

ments.ThemeasuredrotationalN2 or N+
2 temperaturecanonly beequatedwith thegaskinetic

temperaturein theplasma,if theemittingspeciesarein equilibriumwith thebulk gas.Situations
mayalsoarise(seee.g. Wiesemannandco-workers[2] andreferencesthereinto earlierwork)
wheretwo rotationaltemperaturesareneededto �t ameasuredemissionband,usuallya low TR1

representingrotationally“cold” speciesandahigherTR2 representingrotationally“hot” species.
Thepresenceof rotationally“hot” speciesunderthosecircumstancesis usuallytheresultof more
or lesscomplex collisional interactionsinvolving thevariousplasmaconstitutentsthat leave the
emittingspeciesin rotationallyexcitedstates.

In thepresentstudywe determinedrotationaltemperaturesfor N2 andN+
2 in high-pressure

(400Torr) microhollow cathode(MHC) dischargesin mixturesin Ne with a traceadmixtureof
N2 employing a rotationalanalysisof theunresolvedN2 secondpositive bandandtheN+

2 �rst
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negativeband.Signi�cantly differentvaluesfor TR wereobtainedfor respectively N2 andN+
2 .

The relationof theserotationaltemperaturesto the gaskinetic temperatureandto the reaction
kinetics leading to the formation of the emitting N2 and N+

2 specieswill be discussed.We
alsocarriedout a rotationalanalysisof theunresolvedN2 secondpositive systememittedby an
atmospheric-pressurecapillaryplasmaelectrode(CPE)dischargein ambientair.

2 Experimental Details

The detailsof the two high-pressuredischarge plasmasusedin the presentstudieshave been
describedin earlierpublications[4-7] andonly a brief summarywill begivenhere.

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

A hollow cathode(HC) dischargedeviceconsistsof a metalliccathodewith a holein thecenter
andanarbitrarily shapedmetallicanode.Thetwo electrodesareseparatedby aninsulatorwith
a hole in it that is similar in sizeandshapeto the hole in the cathode. When a discharge is
ignited in sucha con�guration, the negative glow is spatially con�ned in the cathodecavity.
Theelectric�eld in this region createsa troughwhich is responsiblefor thestrongacceleration
of theelectronsandmay causean oscillatorymotion of the electronin the trough(“pendulum
electrons”[8-11]. These“pendulumelectrons”canundergo many ionizing collisionswith the
backgroundgasthus creatinga high-densityplasmawhich emits intenseradiation. The hole
diameterD of a HC discharge device is inverselyproportionalto the operatingpressureup to
about10Torr/D (in cm) for noblegasesandN2 [12,13], sothatatmospheric-pressureoperation
requiresaholediameterof theorderof 100� m (microhollow cathodeor MHC discharge).

TheMHC dischargedeviceusedin thepresentstudyhasbeendescribedin detail in previous
publications[4, 5] andonly a brief descriptionwill begivenhere. Theelectrodesof our MHC
dischargedevicearemadeof 0.1mmthick molybdenumfoils separatedby a0.25mm spacerof
aninsulatorwith aholeof about150� m diameterin thecathode,thedielectric,andin theanode.
Supplyvoltagesweretypically between400V to 700V andsustaining(discharge)voltageswere
in the rangeof 200 V - 300 V dependingon the gas,the pressure,andthe actualgeometryof
theMHC discharge.DischargecurrentsID I S variedbetween0.5– 3 mA. Theoperatinggaswas
high-pressureNe (around400Torr) with asmall(typically 1 %) admixtureof N2.

Thebasisfor theatmospheric-pressureoperationof thecapillaryplasmaelectrode(CPE)dis-
chargeis anovelelectrodedesignthatusesdielectriccapillariesthatcoveroneor bothelectrodes
of a dischargedevice [6,7], which in many otheraspectslookssimilar to a conventionaldielec-
tric barrierdischarge (DBD). The capillaries,with diametersin the rangefrom 0.01 to 1 mm
andlength-to-diameterratiosof theorderof 10:1,serveasplasmasourceswhichproducejetsof
high-intensityplasmaat atmosphericpressureundertheright operatingconditions.Theplasma
jetsemergefrom theendof thecapillaryandform a “plasmaelectrode”for themaindischarge
plasma. Under the right combinationof capillary geometry, dielectric material,and exciting
electric�eld, a steadystatecanbeachieved. Theplacementof thetubular dielectriccapillaries
in front of theelectrode(s)createsa dischargewith propertiesdistinctly differentfrom thoseof
a DBD. TheCPEdischargedisplaystwo modesof operationwhenexcitedby pulseddc or ac.
Whenthefrequency of theappliedvoltagepulseis increasedaboveafew kHz, oneobserves�rst
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a diffusemodesimilar to thediffuseglow describedof a DBD asdescribedby Okazakiandco-
workers[14]. Whenthefrequency reachesa critical value(which dependsstronglyon theL/D
valueandthefeedgas),thecapillaries“turn on” anda bright, intenseplasmajet emergesfrom
the capillaries. While a full understandingof the fundamentalprocessesin the CPEdischarge
on a microscopicscalehasnot beenachieved, it appearsthat the capillariesact as individual
high-densityplasmasources.Theinitial stepis theformationof astreamer-likedischargeinside
eachcapillary, whosepropertiesarecritically determinedby their interactionwith thedielectric
wallsof thecapillaries.Thetransitioninto anarcis preventedby thefactthatthecurrentthrough
thecapillariesis self-limiting, i.e. thegasdensityinsidethecapillarydecreaseswith timedueto
gasheatingwhichputsanupperlimit to theconductivity asa resultof gasstarvation.

The CPEdischargedevice usedin the presentstudyconsistedof a square5 x 5 areaof 25
capillary electrodes.The discharge was operatedin ambientair and excited by AC voltage,
6.68kV peak-to-peak,at about20 kHz. Thedischargecurrentwasabout5.3 mA percapillary
andwaskeptconstantfor all studiesinvolving theCPEdischargedevice.

2.2 SpectroscopicMeasurements

Two differentexperimentalset-upswereusedfor thespectroscopicmeasurementswhichwill be
describedbrie�y in thefollowing section.

Theexperimentalset-upfor theemissionspectroscopicstudiesof theMHC dischargecon-
sistsof a Bausch& Lomb double-gratingmonochromatorequippedwith threesetsof �x ed
entranceandexits slits correspondingto full width at half maximum(FWHM) resolutionsof
2 nm, 0.5 nm, and0.2 nm. All measurementsreportedherewerecarriedout with a 0.2 nm
(FWHM) resolution.TheMHC dischargewasmounteddirectly to theentranceslit assemblyof
themonochromator. A wide-rangecooledphotomultipliertube(PMT) wasusedto detecttheN2

andN+
2 photonsat theexit slit of themonochromator. Theobservedspectrawereobtainedby

scanningthemonochromatoracrossthe respective wavelengthregionsof the (1,2) bandof the
N2 secondpositive system(around354nm) andthe(0,0) bandof theN+

2 �rst negative system
(around391.5nm),whichwereselectedasthey arefreefrom contaminationfrom adjacentemis-
sion featuresandrecordingthe emissionintensityasa function of wavelengthundercomputer
control. Greatcarewasexercisedto limit thephotoncountrateto theregimewheretheoutput
signalof thePMT variedlinearlywith theintensityof theinputsignalin orderto avoid saturation
effects.

The experimentalset-upfor the emissionspectroscopicstudiesof the CPEdischarge was
comprisedof aSPEXhigh-resolution,scanningmonochromatorwith variableentranceandexits
slits in conjunctionwith a 1024x 256pixel CCD detector(RoperScienti�c I-MAX - 1024). In
thepresentwork, theslit-width of both slits wassetto 100 � m which correspondsto 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 length f = 7.5 cm, diameterd = 4.5 cm) wasusedto focusthe light from the capillary
dischargearrayontotheentranceslit of themonochromator. Theplasmareactorwaspositioned
in suchawaythatthelight wascollectedfrom theaxisof asinglecapillary. Thus,wedetermined
therotationaltemperaturefrom gasin theplasmaregion of highestplasmaandcurrentdensity.
Emissionspectrawererecordedin thewavelengthrangefrom 210 nm to 350nm covering the
emissionsof theNO 
 -bandsandtheN2secondpositivesystem.Only theresultsobtainedfrom
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Fig. 1. Comparisonof a measuredspectrumof the(1,2)bandof theN2 secondpositive bandrecordedat a
dischargecurrentof 1 mA in a MHC dischargein 400Torr Ne with a 1%admixtureof N2 (�lled triangles)
with a modelspectrumcorrespondingto a rotationaltemperatureof 375 K (opencirclesconnectedby a
line).

the N2 secondpositive systemarereportedhere. The outputof the CCD camerawasrouted
into a PCfor datastorageandfurtheranalysis.As before,thesignalintensitywaschosento be
suf�ciently low to avoid saturationeffectsof theCCDdetector.

3 Resultsand Discussion

The calculationof the line intensitiesfor the syntheticspectraof both the N2 secondpositive
systemandtheN+

2 �rst negativesystemis straightforward[15] usingthemolecularconstantsas
reportedby LauxandKruger[2] andneednotbereiteratedhere.For thecalculationof theunre-
solvedbandenvelopes,eachrotationalline wasconvolutedwith anappropriatemonochromator
slit function.

In thecaseof therotationaltemperaturemeasurementsin N2 andN+
2 for thehighpressureNe

MHC we addeda 1% admixtureof N2. Dischargecurrentsvariedbetween0.5and3 mA. Fig. 1
shows a comparisonof a measuredspectrumof the (1,2) bandof the N2 secondpositive band
recordedat a discharge currentof 1 mA with a modelspectrumcorrespondingto a rotational
temperatureof 375K. Themodelspectrumandthemeasuredspectrumwerenormalizedto one
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Fig. 2. � 2 (seetext for de�nition) asa functionof therotationaltemperaturefor therotationalanalysisof
theN2 secondpositive bandin a MHC dischargeat threedifferentdischargecurrents.

anotherat thepositionof themaximum.Theagreementbetweenthe2 spectrais generallygood
exceptperhapsaround353 nm, which is the onsetof the R-branchlines, wherethe calculated
spectrumliesslightly abovethemeasureddata.Fig. 2 showstheresultof asystematicstatistical
analysisof �ts correspondingto varioustemperaturesfor dischargecurrentsof 0.5 mA, 1 mA,
and3 mA. We plot therelative “chi-squared”,� 2, asa functionof theselectedTR valuefor the
�t [the relative � 2 is de�ned as� 2 = � [y i – y(xi ;TR )]2 (i = 1, . . . , N ) whereyi denotesthe
measuredintensityat thei -th wavelengthposition,y(xi ;TR ) refersto thecalculatedintensityat
thesamewavelengthpositionfor a �x edTR , andthesumextendsover all datapointsfrom 1 to
N ]. In all threecases,thecurvesdisplayclearminimaat temperaturesof 375K for a discharge
currentof 1 mA, at 425 K for 3 mA, andbetween325 K and350 K for a discharge current
of 0.5 mA. The shapeof the � 2 curvesalso suggeststhat the determinationof the rotational
temperaturescanbeaccomplishedto betterthan� 10%(or about� 25 K). A similar rotational
analysiswascarriedout for theN+

2 �rst negativesystem.Fig. 3 showstheresultof thestatistical
analysisfor N+

2 at the samethreedischarge currentsof 0.5 mA, 1 mA, and3 mA asbefore.
Again,thethree� 2 curvesdisplayclearminima.However, therotationaltemperaturesaremuch
highercomparedto N2 with valuesof 875 K, 1050 K, and925 K (with a similar accuracy of
about� 25K) for currentsof 0.5mA, 1 mA, and3 mA, respectively. Therotationaltemperatures
obtainedfor N+

2 arethushigherby about600K comparedto therotationaltemperaturesobtained
for N2 anddonot seemto increasemonotonicallywith increasingdischargecurrent.
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Fig. 3. � 2 (seetext for de�nition) asa functionof rotationaltemperaturefor therotationalanalysisof the
N+

2 �rst negative bandin a MHC dischargeat threedifferentdischargecurrents.

The signi�cant differencein the rotationaltemperaturesobtainedfor N2 andN+
2 in high-

pressureMHC dischargesin Newith 1%N2 canbeattributedto thedifferentpathwaysinvolved
in the excitation and relaxationof the two emitting states. The main route to the formation
excited N2(C 3� u , � =1) moleculeswhich give rise to the observed (1,2) bandof the second
positivesystemof N2 is electronimpactfrom theN2 groundstateandfrom metastableN2 states.
TheN2 moleculesin thegroundstateandin themetastablestatesarein equilibriumwith thegas
kinetictemperatureafterafew collisionswith theNeatoms.This is afastprocessdueto thehigh
collisionfrequenciesathighpressure.TherotationalrelaxationnumberZrot , whichcharacterizes
theexchangeof rotationalandtranslationalenergiesof theplasmaspeciesandwhich is givenby
theratioof therotationalrelaxationtime to thecollision time,hasbeenmeasuredandcalculated
in Ne/N2 mixturesto be around2 [16] andthe rotationalrelaxationtime hasa valueof about
1 nsundertheoperatingconditionsin ourMHC discharge.Theapparentradiativelifetime of the
emittingC-stateis about18 ns(which is a factorof 2 lessthanthenaturalradiative lifetime of
37nsbecauseof collisonalquenching).Thus,theeffective lifetime of theemittingstateis about
18timeslongerthantherotationalrelaxationtimeandtheemittingstateis in thermalequilibrium
with thebulk gas.This meansthattherotationaltemperaturesobtainedfrom theanalysisof the
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N2 secondpositivebandundertheseconditionscanbeinterpretedasthegaskinetictemperatures
in theplasma.

By contrast,the formationof N+
2 (B 2� +

u , � =1) ions proceedsvia electronimpact ioniza-
tion of N2, via charge exchangeof N2 with Ne+ and Ne+

2 ions, and via a two-stepprocess
involving Penningionizationof N2 by Ne metastablesinto the groundstateof the ion andthe
lower-lying A-statefollowedby electronimpactexcitationto theB-state.In addition,three-body
collisionsinvolving Ne+

2 , N2, andNecanalsoresultin theformationof N+
2 (B) ions,albeitwith a

muchsmallerrateconstant[17]. Ne+
2 areformedin appreciablequantitiesin dischargesin high-

pressureNeasthey areprecursorsto theformationof Ne�
2 excimers(seee.g.Refs.[5] and[18]).

Khacefet al. [17] summarizedvariousreactionchannelsin Ne/N2 dischargesinvolving colli-
sionsbetweenNe+ or Ne+

2 with N2 leadingto the formationof N+
2 (B) ions andprovidedrate

constants.In our 400Torr Ne MHC dischargewith 1% N2 admixture,two-bodycollisionsare
muchmoreimportantin the formationof N+

2 (B) ions thanthree-bodycollisionsandcollisions
betweenvibrationallyexcitedNe+

2 ionsandN2 arethedominantreactionpathway. Depending
ontheamountof vibrationalexcitation,theNe+

2 ionscarrybetween18.9eV and20.3eV energy
(usingthetwo Ne atomswith zerotranslationalkinetic energy asthe“zero” of theenergy sale).
This energy is marginally higherthantheminimumenergy (18.75eV) requiredto form N+

2 (B)
ions. Therefore,thehigherrotationaltemperaturesobtainedfrom the rotationalanalysisof the
N+

2 �rst negative bandin our MHC discharge arelikely the resultof rotationalheatingof the
N+

2 (B) ionsformedin chargeexchangecollisionsbetweenN2 andNe+
2 ionsin conjunctionwith

thefactthattherotationallyexcitedN+
2 (B) ionshave insuf�cient time to relaxprior to emission.

TheN+
2 (B) ions areef�ciently quenchedvia collisionswith N2 andNe [19,20] andvia disso-

ciativerecombination[21]. For theoperatingpressureof 400Torr in our dischargeanda1%N2

admixturewe estimatequenchinglifetimesof theexcitedN+
2 (B) ionsof about13 ns(collisions

with N2), 3.5ns(collisionswith Ne),and20ns(dissociative recombinationfor anelectronden-
sity of 5� 1014 cm� 3). Thus,binaryquenchingcollisionsshortenthenaturalradiative lifetime
of theN+

2 (B) ionsof 55nsto aneffectiveradiative lifetime of about2 ns(which is still anupper
limit asit doesnot take into accountotherbinaryquenchingprocesseswith e.g. Ne�

2 excimers
andmetastablesandthree-bodyquenchingcollisions). Whencomparedwith the rotationalre-
laxationtime of about1 ns, it is apparentthat theexcitedN+

2 (B) ions will not achieve thermal
equilibriumwith thebulk gas,but ratherretainmuchof their rotationalexcitationprior to emis-
sion. This explainsthemuchhigherrotationaltemperaturesobtainedfor N+

2 ionscomparedto
theN2 molecules.

We limited the rotationaltemperaturemeasurementsin our high pressureCPEdischargein
ambientair to theanalysisof theN2 secondpositive bandsystem.A typical emissionspectrum
of the(0,1)bandof theN2 secondpositivesystemnear357nmfrom theCPEdischargeis shown
in Fig. 4. The measuredspectrumis comparedwith calculatedspectracorrespondingto three
temperatures,350 K, 545 K, and650 K. The calculatedcurve correspondingto TR = 545 K
representsthe best�t to the measuredspectrum.The spectrumcorrespondingto TR = 350 K
clearlyunderestimatestheshortwavelengthpartof theband,whereasthespectrumcorrespond-
ing to TR = 650 K overestimatesthe samepart of theband. The “best �t” correspondingto a
TR valueof 545 K is the resultof a carefulstatisticalanalysisof the comparisonbetweenthe
measuredandthecalculatedspectraandhasbeendeterminedwith a margin of un certaintyof
about� 20K. Therotationaltemperatureobtainedin theCPEdischargein ambientair for N2 is
signi�cantly higherthattherotationalN2 temperaturesobtainedin MHC dischargesin 400Torr
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Fig. 4. Comparisonof a measuredspectrumof the (0,1) bandof the N2 secondpositive bandrecorded
at a discharge currentof 5.3 mA per capillary in an atmospheric-pressureCPEdischarge in ambientair
with modelspectrumcorrespondingto a variousrotationaltemperatures.Theexperimentaldatapointsare
shown astheopencirclesconnectedby a thin solid line. Thethick solid line representsthemodelspectrum
correspondingto aTR valueof 545K. Thetwo dashedlinescorrespondto calculatedspectracorresponding
to TR valuesof respectively 650K (longdashedline) and350K (shortdashedline).

Ne with 1% N2. Two factorsmaycontributeto thehigherrotationaltemperaturesin thecaseof
theCPEdischarge. First of all, theopticalset-upin thecaseof theCPEdischarge is suchthat
only radiationfrom insidethecapillary, whichis theregionof highestplasmadensityandhighest
gastemperaturein this dischargetype[6] is focusedontotheentranceslit of themonochroma-
tor andanalyzedin termsof its rotationaltemperature.Secondly, thequenchingof theexcited
N2(C) moleculesis moreeffectiveatatmosphericpressurein theCPEdischarge(ascomparedto
400Torr in theMHC discharge)andmayshortentheeffective lifetime of theexcitedmolecules
to avaluethatis closerto the1 nsrotationalrelaxationtime. Thus,any rotationalexcitationthat
mayhavebeenimpartedon theN2(C) moleculesupontheir formationmaybepartially retained
andtheN2(C) moleculesmaynotbein thermalequilibriumwith thebulk gasin theplasma.

4 Summary

We carriedout rotationaltemperaturemeasurementsin high-pressure(400 Torr) microhollow
cathode(MHC) dischargesin Ne with a traceadmixtureof N2 usingtheunresolvedN2 second
positivebandandtheN+

2 �rst negativeband.Therotationaltemperaturesobtainedfrom theanal-
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ysisof theN2 bandsystemareslightly above roomtemperature(around400K), increasewith
increasingdischargecurrent,andmaybeinterpretedasthegaskinetic temperaturein theMHC
discharge plasmaundertheseoperatingconditions. By contrast,the analysisof the N+

2 band
systemyieldedrotationaltemperaturesof morethan900 K, which arethe resultof collisional
reactionkineticprocessesleadingto theformationof rotationallyexcitedN+

2 ions.Theeffective
lifetime of theseionsis comparableto therotationalrelaxationtime,sothattheionsretainmuch
of their rotationalexcitationprior to emissionandarenot in thermalequilibriumwith thebulk
gas.We alsocarriedout a rotationalanalysisof theunresolvedN2 secondpositivesystememit-
ted by an atmospheric-pressurecapillary plasmaelectrode(CPE)discharge in ambientair and
measureda temperatureof 545K. This temperaturemaybecloseto thegaskinetic temperature
astherotationalanalysisutilized N2 emissionsfrom insidethecapillarywhich is the region of
highestplasmadensityandhighestgastemperaturein aCPEdischarge.
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