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In this work the radial distributionsof the emissioncoefcient of someatomicandionic ar
gonlinesin thethin heliumplasma( 1 mm diameteryproducedy the axial injectiontorch
are presentedas a function of the suppliedmicrowvave powver and the argon concentration.
Radialdistributionswereobtainedusingan Abel inversionmethodon laterallyresohed mea-
surement®f the plasma ame. Differentradial behaiour wasfound for ionic and atomic
armgonlevels.

PACS: 52.70.Kz,52.20.Hv

1 Intr oduction

Theaxialinjectiontorch(TIA) producesasmall( 1 mmdiameterand10-20mmlong)andvery
stablemicrowave plasma.lt canoperatewith atomicandmoleculargasesincluding air, which
malesit avery versatileplasma.

Dueto the highionizationpotentialof He, the He plasmaproducedy the TIA is very use-
ful asan excitation sourcefor analyticalchemistry[1]. It also makesthe plasmaan ef cient
device for destructionof dangerousompoundssVolatile OrganicCompoundgVOCs)[2], an
applicationthatis improved whengasmixturesareconsidered.If a smallamountof othergas
differentfrom heliumis introducedin the dischage, the plasmapropertiescanbe altered.As a
preliminarystudyof gasmixture plasmasreatedwith the TIA, andin orderto studythe exci-
tation mechanisnof substancem the dischage, differentamountsof Ar (0.05— 0.5 %) were
introducedin the plasma. This allowed the calculationof the relative populationdensitiesof
ionic andatomicargonlevelsand,by meansof the Abel inversionprocedurethe studyof their
radial behaiour andits variationwith the argon concentratiorin the plasma. The variation of
theserelative populationdensitieswith the suppliedmicrowave power wasalsostudied.

2 Experimental set-up

In orderto obtaintheradialdistribution of theemissioncoefcient of aspectraline, line-of-sight
integratedemissionintensityvaluesfrom differentlateralpositionsof thedischagearerequired.
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Fig. 1. Experimentaket-up.

The experimentalset-upusedin this work allowed the obtainmentof suchvaluesasdescribed
in Fig. 1. The imageof the plasmawas rotated90° by a Dove prism, and two achromatic
lensedocussedt at the entranceslit of a 1-meterfocal lengthmonochromatorBy thatway, a
line-of-sightintegratedplasmaslice at anaxial positionwasselected The resultingwavelength-
dispersedmage of suchslice of the dischage falls on an intensi ed CCD cameraplacedat
the monochromatoexit window. The thus obtainedbidimensionalarray of dataprovidesan
emissionspectruntor eachdifferentlateralpositionof the dischage.

Thebehaiour of the gasmixture hasbeenstudiedin this work by meansof measuringgome
ionic and atomic argon lines in different plasmaand mixture conditions,togetherwith some
atomic helium lines. The measurementaere madeat 1 mm above the nozzletip, which is
the maximumemissionintensityaxial position,with 6 | min ! He. The variationof the radial
distribution of one atomic and one ionic Ar lines and one atomic He line with the supplied
microwave power wasstudiedfor a 0.031 min ~* Ar o w-rateandmicrowave power valuesin
therange400-700W. Thedifferencen theradialdistribution of theionic andatomicargonlines
was studiedby measuringa numberof Arl andArll linesfor a0.031 min ~* Ar o w-rateand
600 W microwave power. In orderto studythe variationof the radial emissionintensityof the
mixturewith the Ar concentratioroneArl, oneArll andoneHel linesweremeasuredor six Ar
o w-ratevaluesrangingfrom 0.03to 0.31 min ™ , thisis, from 0.05to 0.5% of theHe o w-rate,
with logarithmicspacing-i.e. 0.05x10°, 0.05x1¢2, ..., 0.05x10-°.

3 Calculation of the radial distrib utions

The Abel inversionrelatesthe radial distribution of the emissioncoefcient of a spectralline,
"(r), with theline-of-sightintegratedintensitydistribution, | (x):

R
= b el e &

whereR is the plasmaradiusandl qx) is the rst derivative of | (x) respecto x. The Hanlkel-
Fouriermethodfor Abel inversionof discretesetsof data,presentedh a previouspaper3], was
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usedin this work, asit hasbeenfoundto provide moreaccurateradial distributionsfor setsof
lateralintensitydatathanothermethodresenin theliterature.

Theemissiorradialdistributionsof the Arl, Arll andHel lineswereobtainedafterperform-
ing Abel inversionon the lateraldistributionsof intensityof eachline. Theerrorof theseresults
equalsthatof the Abel inversionmethod which increasesowardsthe plasmacentre.This error
hasbeencalculatedpreviously [3], andyieldedarelative errorfor theresultsof lessthan8% for
therangeof radial positionsshavn in theresults.

4 Resultsand discussion

4.1 Variation of the radial emissioncoef cient with the supplied power
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Fig. 2. Variation of the radial emissioncoefcient of the 696.5nm atomic Ar lines with the supplied
microwave power for 61 min * He ow and0.03I min * Ar ow.

Theresultsof thevariationof theradialdistribution of someemissiorinesof thegasmixture
speciedirl, Arll andHel arepresenteéh Figs.2, 3,and4. Fig. 2 shavsthevariationof theradial
distribution of the696.5nm atomicargonline, whichis directly relatedto the populationdensity
of the upperatomiclevel of the transition. Accordingto theseresults,the populationdensity
of the Ar atomiclevel hasa decreasindehaiour whenthe suppliedHF power is increased.
The oppositebehaiour is shavn by the 506.2nm ionic argonline, ascanbe seenin Fig. 3; the
populationdensityof the correspondingpnic level increasesvith the microwave power, mainly
in thecentralplasmazone.As to the447.2nmHel line in Fig. 4, its intensityalsoincreasesvith
the suppliedmicrowave power, with the maximumof the radial distributions situatedat around
0.3mm from the plasmaaxis.
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Fig. 3. Variationof theradialemissiorcoefcient of the506.2nmionic Ar line with thesuppliedmicrovave
powerfor 6 min ! He ow and0.03I min * Ar ow.
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Fig. 4. Variationof the radial emissioncoefcient of the 447.2nm atomicHe line with the suppliedmi-
crowave power for 61 min * He ow and0.03I min * Ar ow.
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Theincrementof the Hel line emissionwith the power wasto be expected:a highersupply
of microwave power will increasethe populationof the Hel excited statesashasbeenalready
measuredby ourgroup[1]. Astotheargonlines,apossiblesxplanationof thedifferencen their
behaiour with the power is thatan incrementof the power will causea higherionizationrate
in the plasma[1], henceincreasingthe ionic statespopulationon accountof the atomic states
population.

Attendingto the radial behaiour, the atomicandionic Ar linesalsoshav importantdiffer-
ences.While the Arl line emissioncoefcient in Fig. 2 hasa radial distribution similar to that
of theatomichelium,peakingat 0.25mm radial positionfrom the centeranddecreasingrom
theretowardsthe plasmaaxis, the Arll line in Fig. 3 peaksnearthe plasmacentre,decreasing
towardsthe plasmaedge.The plasmazonewith higherpopulationof the heliumexcitedlevels,
whichin ourplasmaisat 0.3mm radialposition,canfairly be supposedo bethe plasmazone
with a higherexcitation capability[4], wherethe populationdensityof both Arl andArll sould
behigher Theatomicargonradialdistribution agreeswith this, but theionic argondoesnot. An
explanationof theradialbehaiour of the Arll couldbethedecreasemeinf the populationof the
ionic argonlevelsthatis causeddy theinteractionof Arll with atomsandmoleculeshat enter
the plasmacoming from the surroundingair, which hasalreadybeenreportedfor otherHe-Ar
mixture plasmag5]. This interactionsvould thendisplacethe positionof the maximumof the
ionic argonlines radial distributionsto positionscloserto the plasmacenter ascanbe seenin
the obtainedresultsshovn in Figs. 2, 6, and9. Oneof thoseinteractionds the chagetransfer
mechanismbetweenArll and N,, which hasbeenmeasuredy our group inside the plasma.
This mechanisnis known to be quasi-resonarandone of the mainion destructiorchannelsn
anargonplasma[6]. However, the completestudyof the destructionrmechanism®f the argon
ionsin the plasmaedgeis beyondthe aim of thiswork, andwill bethe subjectof future studies.

4.2 Variation of the radial emissioncoef cient with the percentageof argonin the
helium-argon plasma

Theresultsof thesemeasurementreshavnin Figs.5, 6, and7, wherethevariationof anatomic
Ar line, anionic Ar line andanatomicHeline respectrely canbeseen.lt is clearfrom theresults
thatthesethreedifferentspeciehave adifferentbehaiour with thechangen the Ar percentage:
boththe Hel andthe Arll emissionintensitiessubstantiallydecreasevhenthe Ar percentagés
increasedwhile theatomicargonline emissiornintensitygrows with theintroductionof argonin
thedischage.

In orderto understandhis behaiour, the fact that the excitation enegy of argonis much
lower thanthat of the helium hasto betakeninto account:the introductionof argonin the dis-
chagewill thencausea depopulatiorof the helium excited levels while the microwave power
suppliedto the plasmais redirectedo the excitation of argon. With the depopulatiorof the He
excitedlevelstherewill befewerheliumatomsin themetastabléevels,and,beingthe mainexci-
tationchannebf theargonion levelstheenepgy transfewith themetastabléevelsof helium([7],
the Arll excitedlevelspopulationwill decrease&vith theargonconcentration.

As to the radial behaiour of the emissionintensity it canbe seenin Figs.5, 6, and7 that
it doesnot changewith the introductionof argonin the plasmabeingthe sameasdescribedn
Sectiord.1.
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Fig. 5. Variationof the radial emissioncoefcient of the 696.5nm atomicAr line with the percentag®f
argonintroducedn the plasmafor 61 min * He o w and600W suppliedpower.
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Fig. 6. Variation of the radial emissioncoefcient of the 506.2nm ionic Ar line with the percentagef
argonintroducedn the plasmafor 61 min * He o w and600W suppliedpower.
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Fig. 7. Variationof the radial emissioncoefcient of the 587.6nm atomicHe line with the percentag®ef
amgonintroducedn theplasmafor 61 min * He o w and600W suppliedpower.
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Fig. 8. Radialdistribution of theemissioncoefcient of differentatomicargonlines.
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4.3 Radial behaviour of differ entionic and atomic argonlines

Radialpositionr (mm)
Fig. 9. Radialdistribution of theemissioncoefcient of differentionic argonlines.

In orderto testif the measuredadial behaiour of the argonionic andatomiclevelsis the
samefor all or only appliesto theresultsobtainedfor thetwo measuredines,a numberof ionic
andatomicargon lines weremeasure@&ndAbel-inverted. Theresultsareshavn in Figs.8 and
9, werethe radial distributionsof the emissioncoefcient of 6 atomicand12 ionic argonlines
respectiely areplottedin arbitraryintensityunits. Thesetwo gures supporthe explanationfor
the shapeof theradialdistribution of theargonlinesgivenin Section4.1.

Somepropertieof themeasuredinesarepresenteéh Tablel, from whereit canbeseerthat
all the measuredonic argon lines, which werethe linesintenseenoughto be measuredn our
plasmaarecausedy transitionsrom stateswith similarenegy. In fact,the electroncon gura-
tion of the upperlevel of thetransitionis the samefor all theionic lines: 3s? 3p* ( 3P)4p. With
the atomicargon lines happenghe same:they areall producedby transitionsfrom stateswith
thesameelectroncon guration,3s? 3p° ( 2P;-,)4p in this case Theenegy of all but two of the
Ar Il upperlevelsis closeandbelon the He rst metastabléevel enegy (19.82eV). Thosetwo
levelsarebetweenthe rst andsecondHe metastabldevels. This pointsto the enegy transfer
betweerHe metastabldevelsandAr Il asthemainAr |l populationmechanismThepopulation
mechanisnin the caseof the Ar | levelsis probablythe resonanenegy transferbetweenar
gonatomsandHe, metastablenoleculeswhich have a estimatednegy in therangel3.3-17.4
eV [7].



Radialstudyof atomicandionic argonspecies. . 113

Tah 1. Main parametersf theionic andatomicargonlinesmeasured.

Argonspecie Wavelength (nm) Ag (108s 1) Ex (eV)
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

ALl 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
696.5430 0.0639 13.32786
706.7217 0.0380 13.30223
727.2935 0.0183 13.32786

Arl 738.3980 0.0847 13.30223
750.3868 0.445 13.47989
763.5105 0.245 13.17178
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