DETERMINATION OF QUENCHING COEFFICIENTSBY
TIME RESOLVED EMISSIONSPECTROSCOPY

T. Gans)V. Schulz-wnderGathenandH. F. Dobele

UniversitatEssen|nstitut fur Laser und PlasmaphysikUniversitatsstr5, 4511 7EssenGermarty

1 Intr oduction

In gasdischagesat elevatedpressureaadiation-les<ollisional de-excitation (quenching)hasa stronginfluence
onthe populationof excited states.The knowledgeof quenchingcoeficientsis thereforeimportantfor dischage
simulationstaking into accountexcited states. The knowledgeof quenchingcoeficientsis alsoessentiafor the
correctanalysisof the experimentaldatafor plasmadiagnosticshasedon optical emissionspectroscop (OES)
[1, 2] andlaserinducedfluorescencspectroscop (LIF) with oneor two photon(TALIF) excitation[3], sincethe
spontaneousmissionintensitiesndicatingthepopulationof theexcitedstatesareaffectedby quenchingQuench-
ing coeficientsof noblegasese.g.,areof particularinterest,becausehesearefinding widespreadpplicationas
tracergasesn moleculardischages.

Quenchingeoeficientsare usuallydeterminedrom measurementsf the effective lifetime of excited states.
The effective lifetime of excited statescanbe obtainedfrom the fluorescencelecayaftera pulsedexcitation. The
pulsedexcitation can be performedby laserradiation. The disadwantagesof laserexcitation are limitations by
opticalselectiorrulesandthe problemto overcomethe enegy gapfrom the groundstateto the excited states For
noblegasessuchasxenon[4], krypton [4] andargon|[5] it is possibleto cover the enegy gapwith two photon
excitationin the UV or VUV, but for neonandheliumthe enegy gapsaretoo large for a directlaserexcitation.
Excitationfrom metastabldevelsto higherlevelsby laserradiationrepresenta possibilityto yield informationon
self-quenchingoeficientsin dischages,however. Sincethe populationdensityof noblegasmetastabless very
low in the presenc®f moleculesn dischages,the determinatiorof quenchingcoeficientsby laserexcitationfor
neonandheliumdoesnotwork with moleculeqe.g. hydrogen).

Capacitvely coupledRF dischages(CCRFdischages)at 13.56MHz in hydrogerexhibit afield reversalphase
of about10 ns during which anintenseelectroncurrentprovides collisional excitation within the sheathregion
[6, 7]. After this stronglydominantshortpulsedelectronimpactexcitation, it is possibleto determinequenching
coeficientsfrom thelifetime of the fluorescencat variouspressuredy time resohed OESevenfor high enegy
levels and without ary restrictionsof optical selectionrules. This novel techniqueallows the measuremenof
quenchingcoeficientsfor atomicandmolecularemissionlines of hydrogenitself, aswell asfor emissionines of
smalladmixtureqe.g. noblegases}o the hydrogendischage, sincewith afastgate-abldCCD cameraoperating
at13.56MHz it is possibleto measurevenfaintemissionlinestemporallyresohed[8].

2 Experiment

The measurementare performedin an asymmetric(one electrodegrounded CCRFdischage at 13.56 MHz in

hydrogenwith smalladmixturesof noble gases.The setupis describedn detail elsavhere[8]. The flat cooled
stainlessteelelectrodes100mmin diameterare25 mmapart. Thegaspressureangesetweer?0 Paand400Pa
atanRF powerof 100W. Thedischageaxisis imagedontotheentranceslit of a2m-spectrograptseefigure 1 (a).
A fastgateabldCCD-camerasamplespectraintervalsof about4.5nmwith aspectrakesolutionof 0.34nm/mm
anda spatialresolutionof about0.5 mm. Time resolved measurementarepossibleby locking the gateto afixed
phasepositionwithin the RF cycle. The intensitiesmeasuredver the gatetime of 3 ns canbe integratedover
mary RF cyclesfor this fixed phasesetting. A variabledelaybetweerthe fixed phaseandthe gateallows oneto
coverthecompleteRF cycle.
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(a) Experimentaket-upof thedischage chambeiandtheeletronicand (b) Spaceandtime resoledemissiorprofile of H, within
opticalsystenfor thetime resohed emissionspectrocop a hydrogendischage at 141 Pa and 100 W. Sketchedis
the time developmentof the sheathvoltageas measured

by Czarnetzkietal.

Figurel: Experimentaket-up(a) andspaceandtime resohedemissionprofile of H,, (b)

3 Measurementsand results

Understandinghe excitation dynamics[6, 7] in a hydrogenCCRF dischage is essentiafor the measurement
of quenchingcoeficients by time resohed OES. Figure 1 (b) displaysthe space-timeevolution of the H,, line
emission.Theabscissaeompriseswo 74 nsRF periods Thetrans\erseaxis givesthe distancefrom the powered
electroddocatedat the bottomof thefigure. SeveralemissionstructuregI-1V) canbedistinguished Structured
andll canbe explainedon the basisof E-field measurements]. Structurel is causedy a field reversalacross
the spacechage sheath- typical for hydrogenRF dischages. Electronsare acceleratedowardsthe powered
electrodeand induce a strongimpact excitation. This excitation in front of the electrodeis exploited for the
measuremendf quenchingcoeficients, since,whenthe sheathpotentialbecomesegative again, electronsare
pushedout of the sheathtowardsthe plasmabulk. Note thatthereis no electronimpactexcitationfor the restof
the RF cycle in front of the poweredelectrode andthe fluorescencelecaywith the effective lifetime influenced
by quenchingis obsenable. Structurell is relatedto the sheathexpansionheatingof the electronsmoving to
the plasmabulk. Structurelll resultsfrom fastsecondaryelectronscreatedby ion impact[6]. The secondary
electronsare acceleratedo enegiesbeyond the maximumof typical excitation crosssectionsalreadywithin a
distanceshorterthanthe meanfree pathfor collisions. They cancontributeto the excitationonly afterloosingpart
of their enegy in collisionswith the backgroundyasin the plasmabulk whereno furtheracceleratioroccurs|6].
StructurelV is relatedto fasthydrogenatomscreatecdat the electrodesurfaceby the impactof hydrogenions|[6].
Thesefasthydrogenatomscan excite the backgroundyasby heavy particle collisions. Due to the light massof
hydrogenionsthey areableto follow the appliedelectricfield with a small delaybecausef their inertia. Thus,
thistime dependenion bombardmenof the electrodedetermineshetime dependencef secondarglectronsand
fasthydrogeratomsrelatedto Structurelll andStructurelV, respectiely.

In orderto determinequenchingcoeficientsfor specietherthanhydrogenthesespeciedave to beadmixed
in smallamountgo the hydrogendischage. Figure2 (a) shavs the time resohed emissionof theKr 2p;, line in
front of thepoweredelectrode After thestrongelectronmpactexcitationdueto thefield reversal thefluorescence
decaywith the effective lifetime influencedby quenchingwith molecularhydrogencanbe obsened. With the
known [4] quenchingcoeficient and naturallifetime of the Kr 2p, line, the excitation function E;(t) of the
obseredlevel j canbe calculatedrom the emission(proportionatlto the populationdensityn; ) in the following

manner d ’
B0 =" g

becausa populationby cascadingrocessess comparabldow for thislevel [9]. Theexcitationfunctionin figure
2 (b) shawvs a weakexcitationrelatedto heary particle collisionsof fasthydrogenatoms(max. at =70 ns), after
a strongexcitation dueto the field reversal(max. at ~20 ns) anda weak excitation dueto the sheathexpansion
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Figure2: Time resolhed emission(a) andexcitation function (b) of the krypton 2p, line in front of the powered
electrode.

(max. at~35 ns). Thetime dependencef this excitation
Hfast+X_)Hfast+X* )

whereX representshe obsenedspeciescanbe describedy a sinusoidafunctionincludinga delaywith respect
to theappliedvoltage.

Thetime dependencef the populationof anexcitedlevel includingtheadditionalpopulationby heary particle
collisionsandcascadingrocessesan,therefore be describedn the interval after electronimpactexcitation by
thefollowing rateequation

dn;(t)
dt

wherej andi denotethe obsened level anda higherlevel responsibldor populationby cascadesiespectiely.
The effective lifetime canbe obtainedin this interval by fitting the analyticalsolutionof the rate equationto the
measuredata.

nj (t) ="nj (0) eXP(—Ajt) + Fcascade (t; ’I’L,(O), Aij; Ai; A]) + Fheavy (t; theavy; UO; A])

Theparameters;(0), A;; andA; describinghecascadeontributioncanbedeterminedy takinginto accounthe
informationof optical measurementsf electronimpactexcitation cross-sectionby continuouslyoperatingelec-
tron guns. Sincethesemeasurementarealsoaffectedby cascadeshesecascadeontributionswereinvestigated
in detail (see[9] andreferencesn it).

Themeasuremertf effective decayratesat varioushydrogerpartialpressureallowsto determinghequench-
ing coeficient of theobsenedlevel with molecularhydrogerfrom the slopein a socalledStern-\6lmerplot. The
naturallifetime canbe determinedrom the axis interceptat zero pressure.Sincethe naturallifetime of the ob-
senedlevelis usuallyknown from literature this resultis a goodcheckfor measurementsf levelswith unknovn
quenchingcoeficients.Figure3 (a) is a Stern-\6lmerplot for theKr 2p; line with known valuesfor thequenching
coeficientandnaturallifetime. Theagreemenof thetime resohed OESwith this TALIF measuremerjt] is very
good. Figure3 (b) is an examplefor a measuremenif a heliumline with unknavn quenchingcoeficient. The
agreementvith the naturallifetime from literatureis very goodagain. Themeasurementsereperformedatagas
temperatureslightly abose roomtemperaturg¢~400K). Thetemperaturavasdeterminedy atime resohedOES
measuremerdf the Fulcherbandsof molecularhydrogen8].

- 2
= —A]n] (t) + Aijni (0) eXp(—Azt) + % 1+ cos M ,
2 Trr

4 Conclusions

The excitation dynamicsin a capacitvely coupledhydrogenRF dischage wasinvestigatedwvith a fastgateable
ICCD camera.This allows a novel time resohved OEStechniquefor the measuremenf quenchingcoeficients
basedon field reversalexcitation for variousspecieqe.g. noblegases)ith molecularhydrogen.Thetechnique
is independent in contrastto lasertechniques of the enegy gap betweenthe groundstateand the obsened
excitedlevel. It is, therefore alsopossibleto measureguenchingcoeficientsfor heliumandneon. Furthermore,
the electronimpact excitation is independentf optical selectionrules. The agreementvith known quenching
coeficientsfrom TALIF experimentd4, 5] is very good.



1
Kr2p, He 3°S
- — 0.06
0.07 | K. Niemi (TAL":) O time resolved emission
- - O  time resolved OES — L | —iit
0 0.06 | it w 0.05 @ natural fluorescence
o 0.05 F mo rate (literature)
= = = 0.04
& o004 £
s ' o
° r 1=(36.7+2.1)ns o 003
g oo03p (@41 s, K. Niemi) S => 1=(54.1£07)ns
§ 0.02 - § 0.02 (literature: 52 ns)
g 3 k, =(8.7£06) 10 Pem®s? g
2 001 (84107 cm®s™, K. Niemi) 2 0.01 k, =(10.7£0.1) 10 **cm’s™
0.00 1 1 1 1 1 1 1 1 . |2 . .
: 0.00 : : : :
0 25 50 75 100 125 150 175 200 225 o 50 100 150 200
Hydrogen Pressure [Pa] Hydrogen Pressure [Pa]
(a) Comparisorwith the known quenchingcoeficient of kryp- (b) Determinationof the quenchingcoeficient of the helium
ton2py

3!'Sline
Figure3: Stern-\bImerplotsof thetime resohedemissionspectroscopfor Kr 2p, (a) andHe 3'S (b).

5 Acknowledgment

The authorsthank C.C. Lin for numerousand fruitful discussionsoncerningthis work, and C. Fischerand J.
Leistikow for skillful technicalassistanceSupportby the DeutscheForschungsgemeinschaift the frame of the
Sonderforschungsbereid@®1“Grundlagender Niedertemperaturplasmeris gratefullyacknavledged.

References

[1] V. Schulz-wonderGathenH.F. Débele,PlasmaChem.PlasmaProcess16 (1996)461

[2] H.M. Katsch,A. Tewes,E. QuandtA. Goehlich,T. Kawetzki, H.F. Débele,J. Appl. Phys.88(2000)6232
[3] A. Goehlich,T. Kawetzki, H.F. Débele,J. Chem.Phys.22 (1998)9362

[4] K. Niemi, V. Schulz-vonderGathenH.F. Ddbele,ProceedingsiakoneVIl 1 Greifswald (2000)199

[5] A. Francis,U. CzarnetzkiH.F. Débele,N. Sadghi, Eur. Phys.J. AP 4 (1998)239

[6] T.Gans\V. Schulz-wnderGathenH.F. Débele,Contr. PlasmaPhys. Whype(2000/1)

[7] U. CzarnetzkiD. LuggenhdlscheH.F. Dobele,PlasmaSourcesSci. Technol.8 (1999)230

[8] T.Gans\V. Schulz-wonderGathenH.F. Débele,PlasmaSourcesSci. Technol.10(2001)17

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



