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1 Intr oduction

In gasdischargesat elevatedpressureradiation-lesscollisional de-excitation (quenching)hasa stronginfluence
on thepopulationof excitedstates.Theknowledgeof quenchingcoefficientsis thereforeimportantfor discharge
simulationstaking into accountexcitedstates.The knowledgeof quenchingcoefficientsis alsoessentialfor the
correctanalysisof the experimentaldatafor plasmadiagnosticsbasedon optical emissionspectroscopy (OES)
[1, 2] andlaserinducedfluorescencespectroscopy (LIF) with oneor two photon(TALIF) excitation[3], sincethe
spontaneousemissionintensitiesindicatingthepopulationof theexcitedstatesareaffectedby quenching.Quench-
ing coefficientsof noblegases,e.g.,areof particularinterest,becausethesearefinding widespreadapplicationas
tracergasesin moleculardischarges.

Quenchingcoefficientsareusuallydeterminedfrom measurementsof the effective lifetime of excitedstates.
Theeffective lifetime of excitedstatescanbeobtainedfrom thefluorescencedecayaftera pulsedexcitation. The
pulsedexcitation canbe performedby laserradiation. The disadvantagesof laserexcitation are limitations by
opticalselectionrulesandtheproblemto overcometheenergy gapfrom thegroundstateto theexcitedstates.For
noblegasessuchasxenon[4], krypton [4] andargon [5] it is possibleto cover the energy gapwith two photon
excitation in theUV or VUV, but for neonandhelium theenergy gapsaretoo largefor a direct laserexcitation.
Excitationfrom metastablelevelsto higherlevelsby laserradiationrepresentsapossibilityto yield informationon
self-quenchingcoefficientsin discharges,however. Sincethepopulationdensityof noblegasmetastablesis very
low in thepresenceof moleculesin discharges,thedeterminationof quenchingcoefficientsby laserexcitationfor
neonandheliumdoesnot work with molecules(e.g.hydrogen).

CapacitivelycoupledRFdischarges(CCRFdischarges)at13.56MHz in hydrogenexhibit afield reversalphase
of about10 ns during which an intenseelectroncurrentprovidescollisional excitation within the sheathregion
[6, 7]. After this stronglydominantshortpulsedelectronimpactexcitation,it is possibleto determinequenching
coefficientsfrom thelifetime of thefluorescenceat variouspressuresby time resolvedOESevenfor high energy
levels andwithout any restrictionsof optical selectionrules. This novel techniqueallows the measurementof
quenchingcoefficientsfor atomicandmolecularemissionlinesof hydrogenitself, aswell asfor emissionlinesof
smalladmixtures(e.g.noblegases)to thehydrogendischarge,sincewith a fastgate-ableICCD cameraoperating
at13.56MHz it is possibleto measureevenfaintemissionlinestemporallyresolved[8].

2 Experiment

The measurementsareperformedin an asymmetric(oneelectrodegrounded) CCRFdischargeat 13.56MHz in
hydrogenwith small admixturesof noblegases.The setupis describedin detail elsewhere[8]. The flat cooled
stainlesssteelelectrodes,100mmin diameter, are25mmapart.Thegaspressurerangesbetween20Paand400Pa
atanRFpowerof 100W. Thedischargeaxisis imagedontotheentranceslit of a2m-spectrograph,seefigure1 (a).
A fastgateableICCD-camerasamplesspectralintervalsof about4.5nmwith aspectralresolutionof 0.34nm/mm
anda spatialresolutionof about0.5mm. Time resolvedmeasurementsarepossibleby locking thegateto a fixed
phasepositionwithin the RF cycle. The intensitiesmeasuredover the gatetime of 3 ns canbe integratedover
many RF cyclesfor this fixedphasesetting.A variabledelaybetweenthefixedphaseandthegateallows oneto
cover thecompleteRFcycle.
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(a)Experimentalset-upof thedischargechamberandtheeletronicand
opticalsystemfor thetime resolvedemissionspectrocopy
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(b) Spaceandtimeresolvedemissionprofileof H � within
a hydrogendischarge at 141 Pa and100 W. Sketchedis
the time developmentof the sheathvoltageasmeasured
by Czarnetzkiet al.

Figure1: Experimentalset-up(a) andspaceandtimeresolvedemissionprofile of H � (b)

3 Measurementsand results

Understandingthe excitation dynamics[6, 7] in a hydrogenCCRF discharge is essentialfor the measurement
of quenchingcoefficientsby time resolved OES.Figure1 (b) displaysthe space-timeevolution of the H � line
emission.Theabscissaecomprisestwo 74nsRFperiods. Thetransverseaxisgivesthedistancefrom thepowered
electrodelocatedat thebottomof thefigure. Severalemissionstructures(I-IV) canbedistinguished.StructuresI
andII canbeexplainedon thebasisof E-field measurements[7]. StructureI is causedby a field reversalacross
the spacecharge sheath- typical for hydrogenRF discharges. Electronsare acceleratedtowardsthe powered
electrodeand inducea strongimpact excitation. This excitation in front of the electrodeis exploited for the
measurementof quenchingcoefficients,since,whenthe sheathpotentialbecomesnegative again,electronsare
pushedout of thesheathtowardstheplasmabulk. Note that thereis no electronimpactexcitationfor the restof
theRF cycle in front of thepoweredelectrode,andthefluorescencedecaywith the effective lifetime influenced
by quenchingis observable. StructureII is relatedto the sheathexpansionheatingof the electronsmoving to
the plasmabulk. StructureIII resultsfrom fastsecondaryelectronscreatedby ion impact [6]. The secondary
electronsareacceleratedto energiesbeyond the maximumof typical excitation crosssectionsalreadywithin a
distanceshorterthanthemeanfreepathfor collisions.They cancontributeto theexcitationonly afterloosingpart
of their energy in collisionswith thebackgroundgasin theplasmabulk whereno furtheraccelerationoccurs[6].
StructureIV is relatedto fasthydrogenatomscreatedat theelectrodesurfaceby theimpactof hydrogenions[6].
Thesefasthydrogenatomscanexcite the backgroundgasby heavy particlecollisions. Due to the light massof
hydrogenions they areableto follow the appliedelectricfield with a smalldelaybecauseof their inertia. Thus,
this timedependention bombardmentof theelectrodedeterminesthetimedependenceof secondaryelectronsand
fasthydrogenatomsrelatedto StructureIII andStructureIV, respectively.

In orderto determinequenchingcoefficientsfor speciesotherthanhydrogen,thesespecieshaveto beadmixed
in smallamountsto thehydrogendischarge. Figure2 (a) shows thetime resolvedemissionof theKr 2p� line in
front of thepoweredelectrode.After thestrongelectronimpactexcitationdueto thefield reversal,thefluorescence
decaywith the effective lifetime influencedby quenchingwith molecularhydrogencanbe observed. With the
known [4] quenchingcoefficient and natural lifetime of the Kr 2p� line, the excitation function

�����	��

of the

observedlevel j canbecalculatedfrom theemission(proportionalto thepopulationdensity � � ) in thefollowing
manner �
������
���� � ���	��
� � ��� � � ������
 �
becausea populationby cascadingprocessesis comparablelow for this level [9]. Theexcitationfunctionin figure
2 (b) shows a weakexcitationrelatedto heavy particlecollisionsof fasthydrogenatoms(max. at � 70 ns),after
a strongexcitationdueto the field reversal(max. at � 20 ns) anda weakexcitationdueto the sheathexpansion
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(b) Excitationfunctionof Kr 2p�
Figure2: Time resolvedemission(a) andexcitation function (b) of thekrypton 2p� line in front of thepowered
electrode.

(max.at � 35 ns).Thetime dependenceof this excitation��� �"!$#&%('*)+��� �"!$#&%('-, .
whereX representstheobservedspecies,canbedescribedby a sinusoidalfunctionincludinga delaywith respect
to theappliedvoltage.

Thetimedependenceof thepopulationof anexcitedlevel includingtheadditionalpopulationby heavy particle
collisionsandcascadingprocessescan,therefore,bedescribedin the interval afterelectronimpactexcitationby
thefollowing rateequation/�021�3	4�5/�4 687:9 1 0 1 3�4�5 % 9<; 1 0 ; 3�=�5?>"@BAC3 7:9D; 4�5 %FEHGI JLK %�MON�P:Q 3	4 7 4�R S �UTUV 5 IXWY[Z[\ ]:^ .
wherej andi denotethe observed level anda higher level responsiblefor populationby cascades,respectively.
Theeffective lifetime canbe obtainedin this interval by fitting theanalyticalsolutionof the rateequationto the
measureddata.021�3	4�5 6 021�3�=�5B>"@BAC3 7:9 1O4�5 %`_baL�"!�aL�"c S 3	4 . 0 ; 3d=�5 . 9 ; 1 . 9 ; . 9 1 5 %`_ R S �"TUV 3	4 . 4�ReS �UTUVB. EHG . 9 1e5
Theparameters

0 ; 3d=�5 , 9 ; 1 and 9 ; describingthecascadecontributioncanbedeterminedby takinginto accountthe
informationof opticalmeasurementsof electronimpactexcitationcross-sectionsby continuouslyoperatingelec-
tron guns.Sincethesemeasurementsarealsoaffectedby cascades,thesecascadecontributionswereinvestigated
in detail(see[9] andreferencesin it).

Themeasurementof effectivedecayratesatvarioushydrogenpartialpressuresallowsto determinethequench-
ing coefficientof theobservedlevel with molecularhydrogenfrom theslopein asocalledStern-Volmer-plot. The
naturallifetime canbe determinedfrom the axis interceptat zeropressure.Sincethe naturallifetime of the ob-
servedlevel is usuallyknown from literature,this resultis agoodcheckfor measurementsof levelswith unknown
quenchingcoefficients.Figure3 (a) is aStern-Volmer-plot for theKr 2p� line with known valuesfor thequenching
coefficientandnaturallifetime. Theagreementof thetimeresolvedOESwith thisTALIF measurement[4] is very
good. Figure3 (b) is an examplefor a measurementof a helium line with unknown quenchingcoefficient. The
agreementwith thenaturallifetime from literatureis verygoodagain.Themeasurementswereperformedatagas
temperatureslightly aboveroomtemperature( � 400K). Thetemperaturewasdeterminedby a time resolvedOES
measurementof theFulcherbandsof molecularhydrogen[8].

4 Conclusions

The excitation dynamicsin a capacitively coupledhydrogenRF discharge wasinvestigatedwith a fastgateable
ICCD camera.This allows a novel time resolvedOEStechniquefor themeasurementof quenchingcoefficients
basedon field reversalexcitation for variousspecies(e.g. noblegases)with molecularhydrogen.Thetechnique
is independent- in contrastto lasertechniques- of the energy gapbetweenthe groundstateand the observed
excited level. It is, therefore,alsopossibleto measurequenchingcoefficientsfor heliumandneon.Furthermore,
the electronimpactexcitation is independentof optical selectionrules. The agreementwith known quenching
coefficientsfrom TALIF experiments[4, 5] is verygood.
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Figure3: Stern-Volmer-plotsof thetime resolvedemissionspectroscopy for Kr 2p� (a)andHe 3g S (b).

5 Acknowledgment

The authorsthankC.C. Lin for numerousand fruitful discussionsconcerningthis work, andC. FischerandJ.
Leistikow for skillful technicalassistance.Supportby theDeutscheForschungsgemeinschaftin the frameof the
Sonderforschungsbereich191“GrundlagenderNiedertemperaturplasmen”is gratefullyacknowledged.

References

[1] V. Schulz-vonderGathen,H.F. Döbele,PlasmaChem.PlasmaProcess.16 (1996)461

[2] H.M. Katsch,A. Tewes,E. Quandt,A. Goehlich,T. Kawetzki,H.F. Döbele,J.Appl. Phys.88 (2000)6232

[3] A. Goehlich,T. Kawetzki,H.F. Döbele,J.Chem.Phys.22 (1998)9362

[4] K. Niemi, V. Schulz-vonderGathen,H.F. Döbele,ProceedingsHakoneVII 1 Greifswald (2000)199

[5] A. Francis,U. Czarnetzki,H.F. Döbele,N. Sadeghi, Eur. Phys.J.AP 4 (1998)239

[6] T. Gans,V. Schulz-vonderGathen,H.F. Döbele,Contr. PlasmaPhys.,Whype(2000/1)

[7] U. Czarnetzki,D. Luggenhölscher, H.F. Döbele,PlasmaSourcesSci.Technol.8 (1999)230

[8] T. Gans,V. Schulz-vonderGathen,H.F. Döbele,PlasmaSourcesSci.Technol.10 (2001)17

[9] J.E.Chilton,M.D. Stewart,Jr., C.C.Lin, Phys.Rev. A 62 (2000)32714


