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RADIAL STUDY OF ATOMIC AND IONIC ARGON SPECIESIN THE
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In this work theradialdistributionsof theemissioncoef�cient of someatomicandionic ar-
gonlinesin thethin heliumplasma(� 1 mm diameter)producedby theaxial injectiontorch
arepresentedasa function of the suppliedmicrowave power and the argon concentration.
RadialdistributionswereobtainedusinganAbel inversionmethodon laterallyresolvedmea-
surementsof the plasma�ame. Differentradial behaviour wasfound for ionic andatomic
argonlevels.

PACS: 52.70.Kz,52.20.Hv

1 Intr oduction

Theaxial injectiontorch(TIA) producesasmall(� 1 mmdiameterand10-20mmlong)andvery
stablemicrowave plasma.It canoperatewith atomicandmoleculargases,includingair, which
makesit averyversatileplasma.

Dueto thehigh ionizationpotentialof He, theHe plasmaproducedby theTIA is very use-
ful asan excitation sourcefor analyticalchemistry[1]. It alsomakes the plasmaan ef�cient
device for destructionof dangerouscompoundsasVolatile OrganicCompounds(VOCs)[2], an
applicationthat is improvedwhengasmixturesareconsidered.If a small amountof othergas
differentfrom heliumis introducedin thedischarge,theplasmapropertiescanbealtered.As a
preliminarystudyof gasmixtureplasmascreatedwith theTIA, andin orderto studytheexci-
tation mechanismof substancesin the discharge,differentamountsof Ar (0.05– 0.5 %) were
introducedin the plasma. This allowed the calculationof the relative populationdensitiesof
ionic andatomicargonlevelsand,by meansof theAbel inversionprocedure,thestudyof their
radialbehaviour andits variationwith theargonconcentrationin theplasma.The variationof
theserelativepopulationdensitieswith thesuppliedmicrowavepowerwasalsostudied.

2 Experimental set-up

In orderto obtaintheradialdistributionof theemissioncoef�cient of aspectralline, line-of-sight
integratedemissionintensityvaluesfrom differentlateralpositionsof thedischargearerequired.
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Fig. 1. Experimentalset-up.

The experimentalset-upusedin this work allowed theobtainmentof suchvaluesasdescribed
in Fig. 1. The imageof the plasmawas rotated90o by a Dove prism, and two achromatic
lensesfocussedit at theentranceslit of a 1-meterfocal lengthmonochromator. By thatway, a
line-of-sightintegratedplasmasliceatanaxialpositionwasselected.Theresultingwavelength-
dispersedimageof suchslice of the discharge falls on an intensi�ed CCD cameraplacedat
the monochromatorexit window. The thus obtainedbidimensionalarray of dataprovidesan
emissionspectrumfor eachdifferentlateralpositionof thedischarge.

Thebehaviour of thegasmixturehasbeenstudiedin thiswork by meansof measuringsome
ionic and atomic argon lines in differentplasmaand mixture conditions,togetherwith some
atomic helium lines. The measurementswere madeat 1 mm above the nozzletip, which is
themaximumemissionintensityaxial position,with 6 l min� 1 He. Thevariationof the radial
distribution of one atomic and one ionic Ar lines and one atomic He line with the supplied
microwave power wasstudiedfor a 0.03l min –1 Ar �o w-rateandmicrowave power valuesin
therange400-700W. Thedifferencein theradialdistributionof theionic andatomicargonlines
wasstudiedby measuringa numberof ArI andArII lines for a 0.03l min –1 Ar �o w-rateand
600W microwave power. In orderto studythevariationof the radialemissionintensityof the
mixturewith theAr concentrationoneArI, oneArII andoneHeI linesweremeasuredfor six Ar
�o w-ratevaluesrangingfrom 0.03to 0.3l min –1 , this is, from 0.05to 0.5% of theHe�o w-rate,
with logarithmicspacing– i.e. 0.05x100:0, 0.05x100:2, . . . , 0.05x101:0.

3 Calculation of the radial distributions

The Abel inversionrelatesthe radial distribution of the emissioncoef�cient of a spectralline,
" (r ), with theline-of-sightintegratedintensitydistribution,I (x):

" (r ) = �
1
�

RZ

r

I 0(x)
p

x2 � r 2
dx; (1)

whereR is theplasmaradiusandI 0(x) is the �rst derivative of I (x) respectto x. TheHankel-
Fouriermethodfor Abel inversionof discretesetsof data,presentedin apreviouspaper[3], was
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usedin this work, asit hasbeenfoundto provide moreaccurateradialdistributionsfor setsof
lateralintensitydatathanothermethodspresentin theliterature.

Theemissionradialdistributionsof theArI, ArII andHeI lineswereobtainedafterperform-
ing Abel inversionon thelateraldistributionsof intensityof eachline. Theerrorof theseresults
equalsthatof theAbel inversionmethod,which increasestowardstheplasmacentre.This error
hasbeencalculatedpreviously [3], andyieldedarelativeerrorfor theresultsof lessthan8% for
therangeof radialpositionsshown in theresults.

4 Resultsand discussion

4.1 Variation of the radial emissioncoef�cient with the suppliedpower

Fig. 2. Variation of the radial emissioncoef�cient of the 696.5nm atomic Ar lines with the supplied
microwave power for 6 l min� 1 He �o w and0.03l min� 1 Ar �o w.

Theresultsof thevariationof theradialdistributionof someemissionlinesof thegasmixture
speciesArI, ArII andHeI arepresentedin Figs.2,3,and4. Fig.2 showsthevariationof theradial
distributionof the696.5nmatomicargonline, which is directlyrelatedto thepopulationdensity
of the upperatomic level of the transition. Accordingto theseresults,the populationdensity
of the Ar atomic level hasa decreasingbehaviour when the suppliedHF power is increased.
Theoppositebehaviour is shown by the506.2nm ionic argonline, ascanbeseenin Fig. 3; the
populationdensityof thecorrespondingionic level increaseswith themicrowavepower, mainly
in thecentralplasmazone.As to the447.2nmHeI line in Fig. 4, its intensityalsoincreaseswith
thesuppliedmicrowave power, with themaximumof theradialdistributionssituatedat around
0.3mmfrom theplasmaaxis.



108 R. Álvarezet al.

Fig.3. Variationof theradialemissioncoef�cient of the506.2nmionic Ar line with thesuppliedmicrowave
power for 6 l min� 1 He �o w and0.03l min� 1 Ar �o w.

Fig. 4. Variationof the radial emissioncoef�cient of the447.2nm atomicHe line with the suppliedmi-
crowave power for 6 l min� 1 He �o w and0.03l min� 1 Ar �o w.
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Theincrementof theHeI line emissionwith thepower wasto beexpected:a highersupply
of microwave power will increasethepopulationof theHeI excitedstates,ashasbeenalready
measuredby ourgroup[1]. As to theargonlines,apossibleexplanationof thedifferencein their
behaviour with the power is thatan incrementof the power will causea higherionizationrate
in the plasma[1], henceincreasingthe ionic statespopulationon accountof the atomicstates
population.

Attendingto theradialbehaviour, theatomicandionic Ar linesalsoshow importantdiffer-
ences.While theArI line emissioncoef�cient in Fig. 2 hasa radialdistribution similar to that
of theatomichelium,peakingat � 0.25mmradialpositionfrom thecenteranddecreasingfrom
theretowardsthe plasmaaxis, theArII line in Fig. 3 peaksnearthe plasmacentre,decreasing
towardstheplasmaedge.Theplasmazonewith higherpopulationof theheliumexcitedlevels,
which in ourplasmais at � 0.3mmradialposition,canfairly besupposedto betheplasmazone
with a higherexcitationcapability[4], wherethepopulationdensityof bothArI andArII sould
behigher. Theatomicargonradialdistributionagreeswith this,but theionic argondoesnot. An
explanationof theradialbehaviour of theArII couldbethedecreasementof thepopulationof the
ionic argonlevels that is causedby the interactionof ArII with atomsandmoleculesthatenter
theplasmacomingfrom thesurroundingair, which hasalreadybeenreportedfor otherHe-Ar
mixtureplasmas[5]. This interactionswould thendisplacethepositionof themaximumof the
ionic argon lines radial distributionsto positionscloserto theplasmacenter, ascanbe seenin
theobtainedresultsshown in Figs.2, 6, and9. Oneof thoseinteractionsis thechargetransfer
mechanismbetweenArII andN2, which hasbeenmeasuredby our group inside the plasma.
This mechanismis known to bequasi-resonantandoneof themain ion destructionchannelsin
anargonplasma[6]. However, thecompletestudyof thedestructionmechanismsof theargon
ionsin theplasmaedgeis beyondtheaimof this work, andwill bethesubjectof futurestudies.

4.2 Variation of the radial emissioncoef�cient with the percentageof argon in the
helium-argonplasma

Theresultsof thesemeasurementsareshown in Figs.5,6,and7,wherethevariationof anatomic
Ar line,anionic Ar line andanatomicHeline respectivelycanbeseen.It is clearfrom theresults
thatthesethreedifferentspecieshaveadifferentbehaviour with thechangein theAr percentage:
boththeHeI andtheArII emissionintensitiessubstantiallydecreasewhentheAr percentageis
increased,while theatomicargonline emissionintensitygrowswith theintroductionof argonin
thedischarge.

In order to understandthis behaviour, the fact that the excitation energy of argon is much
lower thanthatof theheliumhasto betakeninto account:the introductionof argonin thedis-
chargewill thencausea depopulationof thehelium excited levelswhile themicrowave power
suppliedto theplasmais redirectedto theexcitationof argon. With thedepopulationof theHe
excitedlevelstherewill befewerheliumatomsin themetastablelevels,and,beingthemainexci-
tationchannelof theargonion levelstheenergy transferwith themetastablelevelsof helium[7],
theArII excitedlevelspopulationwill decreasewith theargonconcentration.

As to the radial behaviour of theemissionintensity, it canbe seenin Figs.5, 6, and7 that
it doesnot changewith the introductionof argonin theplasma,beingthesameasdescribedin
Section4.1.



110 R. Álvarezet al.

Fig. 5. Variationof the radialemissioncoef�cient of the696.5nm atomicAr line with thepercentageof
argonintroducedin theplasmafor 6 l min� 1 He �o w and600W suppliedpower.

Fig. 6. Variationof the radial emissioncoef�cient of the 506.2nm ionic Ar line with the percentageof
argonintroducedin theplasmafor 6 l min� 1 He �o w and600W suppliedpower.
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Fig. 7. Variationof theradialemissioncoef�cient of the587.6nm atomicHe line with thepercentageof
argonintroducedin theplasmafor 6 l min� 1 He �o w and600W suppliedpower.

Fig. 8. Radialdistributionof theemissioncoef�cient of differentatomicargonlines.
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4.3 Radial behaviour of differ ent ionic and atomic argon lines

Radialpositionr (mm)

Fig. 9. Radialdistributionof theemissioncoef�cient of differentionic argonlines.

In orderto testif themeasuredradial behaviour of theargon ionic andatomiclevels is the
samefor all or only appliesto theresultsobtainedfor thetwo measuredlines,a numberof ionic
andatomicargonlinesweremeasuredandAbel-inverted.Theresultsareshown in Figs.8 and
9, weretheradialdistributionsof theemissioncoef�cient of 6 atomicand12 ionic argon lines
respectively areplottedin arbitraryintensityunits.Thesetwo �gures supporttheexplanationfor
theshapeof theradialdistributionof theargonlinesgivenin Section4.1.

Somepropertiesof themeasuredlinesarepresentedin Table1, from whereit canbeseenthat
all themeasuredionic argon lines,which werethe lines intenseenoughto be measuredin our
plasma,arecausedby transitionsfrom stateswith similarenergy. In fact,theelectroncon�gura-
tion of theupperlevel of thetransitionis thesamefor all theionic lines:3s2 3p4 ( 3P)4p. With
theatomicargon lineshappensthesame:they areall producedby transitionsfrom stateswith
thesameelectroncon�guration,3s2 3p5 ( 2P1=2)4p in thiscase.Theenergy of all but two of the
Ar II upperlevelsis closeandbelow theHe �rst metastablelevel energy (19.82eV). Thosetwo
levelsarebetweenthe �rst andsecondHe metastablelevels. This pointsto theenergy transfer
betweenHemetastablelevelsandAr II asthemainAr II populationmechanism.Thepopulation
mechanismin the caseof the Ar I levels is probablythe resonantenergy transferbetweenar-
gonatomsandHe2 metastablemolecules,whichhavea estimatedenergy in therange13.3-17.4
eV [7].
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Tab. 1. Main parametersof theionic andatomicargonlinesmeasured.

Ar gonspecie Wavelength(nm) Ak l (108 s� 1) Ek (eV)

Ar II

434.8064 1.171 19.49454
442.6001 0.817 19.54901
457.9349 0.800 19.97254
465.7901 0.892 19.80109
473.5905 0.580 19.26109
480.6020 0.780 19.22290
484.7809 0.849 19.30535
493.3209 0.144 19.26109
500.9334 0.151 19.22290
506.2037 0.223 19.26109
514.5308 0.106 19.54901
664.3697 0.147 19.49454

Ar I

696.5430 0.0639 13.32786
706.7217 0.0380 13.30223
727.2935 0.0183 13.32786
738.3980 0.0847 13.30223
750.3868 0.445 13.47989
763.5105 0.245 13.17178
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[4] R. Álvarez,A. Rodero,M.C. Quintero: Proceedingsof ISPC15th (Eds.A. Bouchoule,J.M. Pou-
vesle,A.L. Thomann,J.M.Bauchire.E.Robert). Orleans(France)2001;Publishedby theOrganizing
Comiteesof theISPC15th 4 (2001)1417-1422

[5] K. Wagatsuma:SpectrochimicaActa,PartB 56 (2001)465-486

[6] J.Jonkers,L.J.M. Selen,J.A.M. vanderMullen, E.A.H.Timmermans,D.C.Schram:PlasmaSources,
ScienceandTechnology6 (1997)533-539

[7] F. Sun,R.E.Sturgeon:SpectrochimicaActa,PartB 54 (1999)2121-2141


