Absolute cross sections for near-threshold electron-impact excitation of the

2s2S — 2p 2P transition in C3*+

M. E. Bannister

Physics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831-6372

Y.-S.Chung, N. Djuri¢, B. Wallbank, O. Woitke, S. ZhouandG. H. Dunn
JILA, University of Colorado and National Institute of Sandards and Technol ogy,

Boulder, Colorado 80309-0440

A. C.H. Smith
University College London, London WC1E 6BT, United Kingdom

(Receved 12 August1997)

Abstract

Absolutetotal crosssectionsfor electron-impacexcitation of the 2s2S — 2p 2P
transitionin C3*+ weremeasuredrom 7.35eV to 8.45eV usingthemeigedelectron-
ion beamsenegy-losstechnique. The resultssettlethe discrepang betweentwo
previous experimentsusing the crossed-beamffuorescencenethod,beingin very
goodagreementvith the olderresults[P. O. Taylor, D. Gregory, G. H. Dunn,R. A.
PhaneufandD. H. Crandall,Phys.Rev. Lett. 39, 1256(1977)] but lesssowith the

morerecentonesD. W. Savin, L. D. GardnerD. B. ReisenfeldA. R. Young,andJ.
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. INTRODUCTION

Laboratoryandastrophysicaplasmasnvolve innumerableatomicprocessespneof the most
importantof whichis electron-impaceéxcitationof ions. As aconstituentn bothfusionreactor1]
andstellaratmospheri¢2] plasmasg¢arbonionsandtheir spectralinesareemployedin diagnostic
measurementfor plasmaparametersuchas electrontemperatureand density which require
accuratecrosssectiondor collisionsof electronswith carbonionsfor interpretation The statusof
atomicdatafor collisionsof electronswith carbonionshasbeenreviewed|3].

The presentinvestigationis concernedwith crosssectionsfor electron-impacexcitation of
the 2s2S;/, — 2p 2P, 53> resonancéransitionin C**. In 1977 Gregory andco-workers[4,5]
reportedcross-sectiomeasurementssingthecrossed-beanfhiorescencéechniquédor thistran-
sition, citing excellentagreementvith theoreticalvalues[6]. However, in 1995in anothervery
carefully executedexperimentusing a similar technique Savin et al. [7] reportedcrosssections
thatlie about26%belov thoseof Gregory andco-workersandalik e amountbelow thetheoretical
values. Theselater measurementsf correct,have seriousimplicationsaboutthe reliability of
theoreticalcalculationdor electron-impacexcitation of ions. In addition,the sameexperimental
setupand calibrationtechniquesvere usedby thoseauthorsto remeasurg8] the absolutecross
sectionfor dielectronicrecombinatio(DR) of C*>*. They concludedhatwithin experimentalun-
certaintiegherewasnow agreemenbetweertheirexperimentaDR measuremen@ndtheoretical
values,in contrasto their conclusionabouttheir initial DR results[9] thatwerenormalizedwith
theoreticakexcitationcrosssectiong10]. Thus,thedisparitybetweertherecentSavin et al. cross
sectionsandthoseof Gregory and co-workershasdoubly seriousimplications. In the context of
resolvingthe differenceandthe theoreticaramifications the presentwork wasundertalen using

anentirelydifferentmeasuremertechniquerom thoseusedearlier

I[I. EXPERIMENT

Absolute total cross sectionsfor nearthreshold electron-impactexcitation of the 2s —

2p dipole transitionin C** were measuredusing the meiged electron-ionbeamsenegy-loss
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(MEIBEL) technique Thistechniquehasahigherdetectiorefficiency andnarrover enegy distri-
bution thanthe crossed-beanftuorescencéechniqueemployedby Gregory andco-workers[4,5]
andSavin et al. [7], althoughtheenepgy rangeis limited to thenearthresholdegion. Detailsof the
apparatusindexperimentaimethodhave beenpublishedpreviously [11,12],soonly anovervien
will bepresentedhereincludingarecentmprovemento thebeamprofile monitorthathasadirect
impacton the preseninvestigation.A schematiaiagramof the MEIBEL apparatuss shovn in
Fig. 1. Usingatrochoidalanalyzeraregion of crossecE andB fieldsdenotedhe“merger’ elec-
tronsaremegedwith ions extractedfrom the Oak RidgeNationalLaboratoryelectron-gclotron
resonanc€ECR)ion source.After traversingan electric-field-freemeige path(68.5mm long) in
theuniform solenoidalmagnetidield (~ 3 mT), theelectronsareseparatefrom theionsby asec-
ondtrochoidalanalyzerdenotedhe“demeger” Thedemegerdeflectsheprimary(unscattered)
electronghrougha smallanglewherethey arecollectedin a Faradaycup. Inelasticallyscattered
electronsaredeflectedhroughlargeranglesin the demegerandstrike a positionsensitve detec-
tor (PSD)consistingof a pair of microchanneplates(MCPs)andaresistve anode.Theionspass
throughthe demeger with negligible deflectionand are collectedin anotherFaradaycup after
beingbentthrough90°. Electronselasticallyscatteredhroughlarge anglescouldreachthe PSD
sincetheir forward velocitiesare similar to thoseof inelasticallyscattereclectrons.This is pre-
ventedby a seriesof five aperturegocatedat the entranceof the demeger sincetheseelastically
scattereclectronshave muchlargercyclotronradii thantheinelasticallyscattereanes.
lon-beampurity wasensuredy usingisotopic!*CH, asthe ECR sourcegaswith heliumasa
buffer gas.Theionsfrom the ECR sourcewereextractedthroughafixed11-kV potentialandthen
magneticallymomentumanalyzedso that only ions with a mass-to-chaye ratio of 13/3werein
the beam.Massspectrashavedthatimpuritiesin the 1*C** beamwerelessthan1%. lonization
crosssectiongneasure13] with the ORNL crossed-beanapparatu$l4] belon thegroundstate
thresholddemonstratethatno metastabletatesverepresenin theion beam.
Largebackground$rom electronandion scatteringrom residualgasandsurfacesarepresent
onthePSDaswell assignalfrom theinelastic-scatteringvents.In orderto extractthesignalfrom

thesebackgroundsboth beamsare choppedn a phasedour-way pattern[11] and countsfrom
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the detectoyr with positioninformationintact, areaccumulatedn four histogrammingmemories.
Thedetectorcountsin thefour two-dimensionahistogramsreindividually correctedor thedead
timesof the positioncomputerand histograminterfaceand of the microchanneplatesandthen
appropriatelyaddedand subtractedo obtainthe inelasticsignalasa function of positionon the
PSD.

The excitation crosssectionat aninteractionenepy in the centerof-masssystemk..,, is de-
terminedby

2
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whereR is thesignalcountratefrom detectiorof theinelasticallyscatterectlectronsg is the PSD
detectiorefficiency measuredo be0.483 +0.018, andv,, v;, I, andl; arethelaboratoryvelocities
andcurrentsof theelectronsandionsof chage magnitudeg andge, respectrely. Theform factor
Fis givenby
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Thedensitieof thetwo beams7(z, y, z) andH (z, y, z) aremeasuredvith amovablevideoprobe
[15] at several positionsalongthe interactionregion. The probeconsistsof a MCP bacled by a
phosphoicoatedcoherenfiber optic bundleto corverttheincidentparticlesinto anopticalsignal
thatis thendigitizedby achage-injectiondevice camerachip. Recentlythis probewasmodifiedto
improve measurementsn electronswith laboratoryenegieslessthan20eV by addingagrounded
grid to thefront of the probesothatelectronouldbe accelerateteforestriking the probeMCP.
In the preseninvestigation the potentialbetweernthe grid andthe front surfaceof the MCP was
setat75V.

Thedatatakingprotocolconsistef first tuningtheelectronandion beamgo obtainminimum
backgroundsConcurrently effort wasmadeto geta reasonabl@verlapin front of the demeger
aperturesbut with no overlapbeyondthemin orderto preventelasticallyscatterectlectrondrom
reachingthe PSD.A form factorwasthendeterminedrom the measuredeamdensities.Data

were collectedat a given centerof-massenegy FE.,, until the requiredstatisticalaccurag was
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reached. More datawere thentaken after £, was changeda few percentto a new value by

preciselyscalingthe magneticfield andthe voltageson the electrongun, merger, anddemeger.

Thiswasrepeatedereraltimesto coveragivenenegy range.Beamprofilesweremeasure@gain
attheendof thisrun of severalenepiesto ensurehattheform factordid not deviate significantly
duringthescalings.

After modifying the beamprobeto give improvedresponséo low-enegy electronsdatawere
taken for which the form factorwas measuredarefully and found to be independenbf probe
parametersThesedataconsistedf two absolutecrosssectionspneabovethreshold £, = 8.35
eV) andonebelow, anda relative curve usedto determinethe “contactpotential” of the electron
gunandhenceheabsoluteenegiesof thedata. Themeasuredtepheightwasthenusedto putthe
relative crosssectionson anabsolutescale.Becausahe 33-keV 1*C** ionshave anenegy equiv-
alentto 1.4-eV electronsin the centerof-massframe, no correctionsfor backscattering12,16]
wererequiredfor the presentdata,which extendonly 0.5eV above threshold.

Prior to modifying the beamprobe,sereral datasetsof crosssectionasa function of center
of-massenegy were measured. For fixed probe parametersthe measuredorm factorswere
consistenbover the enegy rangeof eachset. The form factors,however, were very dependent
on probeparameteranddeemedo beunreliablein absolutemagnitudesothatthe crosssections
couldonly beconsideredelative measurement® persistensignalbelown thresholdvasobsened
for all of the datasets,varyingsomavhatfrom oneto the next. Eachsetwasindependentlyitted
in aleast-squaresensdo the corvolution of a Gaussiarenengy distribution of variablewidth with
avariable-heighstepfunction at 8.00eV, the spectroscopithresholdfor the 2s — 2p transition
[17]. The datawerethen correctedby shifting the enegy the fitted amountto accountfor the
contactpotentialof the electrongun and by subtractingthe fitted below-thresholdcontribution
from the crosssection,assuminghis contritution to beindependensdf enegy.

Using the absolutecrosssectionmeasuredt 8.35 eV, the relative datafrom both after and
beforethe probemodificationwerenormalizedaccordingo theirfitted stepheightsandthencom-
bined.The Gaussiariitted to this combinedsethasa full width athalf maximum(FWHM) of 0.17

eV. Thisdeducecenegy distribution wasthenconvolutedwith the varioustheoreticalpredictions
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[6,18], thusobtainingtheorycurvesthatcanbe comparedirectly with the measurements.

1. RESULTS

The presentresults[19] areshavn in Fig. 2 with 90% confidencdevel statisticalerror bars.
The outer bar on the absolutemeasuremerat 8.35 eV indicatesthe total expandeduncertainty
(17.3%)which is a quadraturesum of the statisticaluncertaintyand the following systematic
uncertaintiesat a level equialentto a statistical90% confidencelevel: subtractionof below-
thresholdcontribution (12%), form factor (8%), spatially limiting the signalon the PSD (6%),
detectionefficiengy (4%), ion- andelectron-beancurrents(1% each),andion-beampurity (1%).
Also shownn in Fig. 2 arethreetheoreticalpredictionseachcornvolutedwith a 0.17-eVGaussian
representinghe presentexperimentalenegy distribution. The uppersolid line is the unitarized
Coulomb-Borncalculation(including exchange)of Mageeet al. [6]. The othertwo curvesare
close-couplingcalculations:The dashedine is the two-statecalculationof Mageeet al. [6] and
the lower solid line is a morerecentnine-statecalculationby Burke [18]. For comparisorwith
the presentdata,theresultsof Mageeet al. andBurke have beenshifteddown in enegy 0.06eV
and0.07eV, respectiely, to agreewith the spectroscopithreshold.Thetwo-stateclose-coupling
resultsof GauandHenry [10] are almostidenticalto thoseof Mageeet al. [6] and so are not
showvn. Althoughall threetheoreticalpredictionsarewithin the total expandeduncertaintyof the
presentmeasurementglearly the unitarizedCoulomb-Borncrosssectionsof Mageeet al. [6]
shav thebestagreement.

Figure 3 shavs a comparisorof the presentresultswith prior measurementgoth usingthe
crossed-beamBuorescencenethod. The presentdata(circles) clearly shov a much narraver
eneqgy distribution thanthe resultsof either Gregory and co-workers[4,5](triangles)or Savin et
al. [7] (squares)To facilitatecomparisonthe Coulomb-Borncalculationsof Mageeet al. [6] are
convolutedwith two differentGaussianspnewith 0.17eV FWHM for the presenexperimentand
onewith 2.3eV FWHM for the experimentof Gregory andco-workers. Thesearethe two solid

curvesin Fig. 3. The dashedcurwve is the convolution of the two-stateclosecoupling resultsof



Mageeet al. [6] with the2.3eV FWHM GaussianSavin et al. [7] reportedanenepy distribution
of 1.74eV FWHM. Theerrorbarsin Fig. 3 are90%confidencdevel statisticalonly, exceptfor the
outerbarsononepointin eachsetthatrepresenthetotal expandedincertaintyfor thatexperiment.
Thepresentesultsandthoseof Gregory andco-workers[4,5] arebothin goodagreementvith all
the theoreticalpredictionsshavn in Figs. 2 and3 whenthe calculationsare corvolutedwith the
appropriateenepy distribution. Theresultsof Savin et al. [7], however, areabout20-30% below
the othermeasurementasndarenotin goodagreementvith the theoreticalpredictions.Only the
nine-stateclose-couplingesultsof Burke [18] barelyfall within thetotal expandeduncertaintyof

their measurements.

IV. CONCLUSIONS

In summarythe presenimeasurementsf absolutecrosssectiongfor the electron-impacex-
citation of the 2s — 2p transitionin C** arein goodagreementvith the resultsof Gregory and
co-workers[4,5] andall of the theoreticalpredictions,but not with the recentmeasurementsf
Savin et al [7]. The presentresults,togetherwith the resultsof Gregory and co-workers, shov
thattheoreticaimethodscanbe usedandrelied uponfor this transition. By extension,onewould
concludethattheorycanberelied uponfor lik e transitionsof othermultiply chagedionsashas
alsobeenfoundpreviously [5,11]. Theimplicationof thepresentesultsfor the DR measurements
of Savin et al. [8] is thattheir DR valuesshouldbe larger andthusno longeragreewith theory;

they hadthemselesreacheadhis conclusion9] beforepublishingtheir excitation measurements

[71.
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Fig. 1 Schematiaiagramof the memgedelectron-ion-beamenepgy-lossapparatugseethe
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Fig. 2 Crosssectiondor electron-impacexcitationof the2s— 2ptransitionin C** asafunc-
tion of the centerof-massenegy. The pointsarethe presendatawith 90% confidencdevel rel-
ative errorbars.All the presentataarerelative measurementgxceptthe absolutemeasurement
at 8.35eV, whoseouterbar representshe total expandeduncertainty All threeof the theoreti-
cal curveshave beencornvolutedwith a0.17eV FWHM Gaussianepresentinghe experimental
electronenegy distribution: The uppersolid curve is the unitarizedCoulomb-Borncalculationof
Ref. [6], the dashedcurwe is the two-stateclose-couplingcalculationof Ref. [6], andthe lower
solid curwe is the nine-stateclose-couplingcalculationof Ref. [18]. The close-couplingcalcula-
tions have beenshiftedto the spectroscopithresholdfor comparisorwith the presentdata(see

thetext).
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Fig. 3 Crosssectiondor electron-impacexcitationof the2s— 2ptransitionin C** asafunc-
tion of the centerof-massenegy. Thecirclesarethe presentlata,thetrianglesthe measurements
of Refs. [4,5], andthe squareghe measurementsf Ref. [7]. Error barsareasin Fig. 2. The
solid curvesarethe unitarizedCoulomb-Borncalculationsof Ref. [6] corvolutedwith 0.17 eV
FWHM and2.3 eV FWHM Gaussiansepresentinghe enegy distributionsof the presentwork
andthatof Refs.[4,5], respectrely. Thedashedturwe is the two-stateclose-couplingcalculation
of Ref. [6] corvolutedwith a 2.3eV FWHM Gaussiarandshiftedto the spectroscopithreshold

for comparisorwith the measurementseethetext).
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