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Abstract

Absolutetotal crosssectionsfor electron-impactexcitation of the 2s
�
S � 2p

�
P

transitionin C
�
	

weremeasuredfrom 7.35eV to 8.45eV usingthemergedelectron-

ion beamsenergy-losstechnique. The resultssettlethe discrepancy betweentwo

previous experimentsusingthe crossed-beamsfluorescencemethod,beingin very

goodagreementwith theolderresults[P. O. Taylor, D. Gregory, G. H. Dunn,R. A.

Phaneuf,andD. H. Crandall,Phys.Rev. Lett. 39, 1256(1977)]but lesssowith the

morerecentones[D. W. Savin, L. D. Gardner, D. B. Reisenfeld,A. R. Young,andJ.
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L. Kohl, Phys.Rev. A 51, 2162(1995)].Thepresentmeasurementsarealsoin good

agreementwith unitarizedCoulomb-Bornandclose-couplingcalculations.
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I. INTRODUCTION

Laboratoryandastrophysicalplasmasinvolve innumerableatomicprocesses,oneof themost

importantof whichis electron-impactexcitationof ions.As aconstituentin bothfusionreactor[1]

andstellaratmospheric[2] plasmas,carbonionsandtheirspectrallinesareemployedin diagnostic

measurementsfor plasmaparameterssuchas electrontemperatureand density, which require

accuratecrosssectionsfor collisionsof electronswith carbonionsfor interpretation.Thestatusof

atomicdatafor collisionsof electronswith carbonionshasbeenreviewed[3].

The presentinvestigationis concernedwith crosssectionsfor electron-impactexcitation of

the 2s
�
S�� ��� 2p

�
P�� ��� � � � resonancetransitionin C

�
	
. In 1977Gregory andco-workers[4,5]

reportedcross-sectionmeasurementsusingthecrossed-beamsfluorescencetechniquefor thistran-

sition, citing excellentagreementwith theoreticalvalues[6]. However, in 1995in anothervery

carefully executedexperimentusinga similar technique,Savin et al. [7] reportedcrosssections

thatlie about26%below thoseof Gregoryandco-workersanda likeamountbelow thetheoretical

values. Theselater measurements,if correct,have seriousimplicationsaboutthe reliability of

theoreticalcalculationsfor electron-impactexcitationof ions. In addition,thesameexperimental

setupandcalibrationtechniqueswereusedby thoseauthorsto remeasure[8] the absolutecross

sectionfor dielectronicrecombination(DR) of C
�
	

. They concludedthatwithin experimentalun-

certaintiestherewasnow agreementbetweentheirexperimentalDR measurementsandtheoretical

values,in contrastto their conclusionabouttheir initial DR results[9] thatwerenormalizedwith

theoreticalexcitationcrosssections[10]. Thus,thedisparitybetweentherecentSavin et al. cross

sectionsandthoseof Gregory andco-workershasdoublyseriousimplications. In thecontext of

resolvingthedifferenceandthetheoreticalramifications,thepresentwork wasundertakenusing

anentirelydifferentmeasurementtechniquefrom thoseusedearlier.

II. EXPERIMENT

Absolute total cross sectionsfor near-threshold electron-impactexcitation of the 2s �
2p dipole transition in C

�
	
were measuredusing the merged electron-ionbeamsenergy-loss
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(MEIBEL) technique.This techniquehasahigherdetectionefficiency andnarrowerenergy distri-

bution thanthecrossed-beamsfluorescencetechniqueemployedby Gregoryandco-workers[4,5]

andSavin et al. [7], althoughtheenergy rangeis limited to thenear-thresholdregion. Detailsof the

apparatusandexperimentalmethodhave beenpublishedpreviously [11,12],soonly anoverview

will bepresentedhereincludingarecentimprovementto thebeamprofilemonitorthathasadirect

impacton thepresentinvestigation.A schematicdiagramof theMEIBEL apparatusis shown in

Fig. 1. Usinga trochoidalanalyzer, a regionof crossedE andB fieldsdenotedthe“merger,” elec-

tronsaremergedwith ionsextractedfrom theOakRidgeNationalLaboratoryelectron-cyclotron

resonance(ECR)ion source.After traversinganelectric-field-freemergepath(68.5mm long) in

theuniformsolenoidalmagneticfield ( � 3 mT), theelectronsareseparatedfrom theionsby asec-

ondtrochoidalanalyzer, denotedthe“demerger.” Thedemergerdeflectstheprimary(unscattered)

electronsthrougha smallanglewherethey arecollectedin a Faradaycup. Inelasticallyscattered

electronsaredeflectedthroughlargeranglesin thedemergerandstrikea positionsensitivedetec-

tor (PSD)consistingof apair of microchannelplates(MCPs)anda resistiveanode.Theionspass

throughthe demerger with negligible deflectionandare collectedin anotherFaradaycup after

beingbentthrough ����� . ElectronselasticallyscatteredthroughlargeanglescouldreachthePSD

sincetheir forwardvelocitiesaresimilar to thoseof inelasticallyscatteredelectrons.This is pre-

ventedby a seriesof five apertureslocatedat theentranceof thedemergersincetheseelastically

scatteredelectronshavemuchlargercyclotronradii thantheinelasticallyscatteredones.

Ion-beampurity wasensuredby usingisotopic � � CH� astheECRsourcegaswith heliumasa

buffer gas.Theionsfrom theECRsourcewereextractedthroughafixed11-kV potentialandthen

magneticallymomentumanalyzedso that only ions with a mass-to-charge ratio of 13/3 werein

thebeam.Massspectrashowedthat impuritiesin the � � C
�
	

beamwerelessthan1%. Ionization

crosssectionsmeasured[13] with theORNL crossed-beamsapparatus[14] below thegroundstate

thresholddemonstratedthatnometastablestateswerepresentin theion beam.

Largebackgroundsfrom electronandion scatteringfrom residualgasandsurfacesarepresent

onthePSDaswell assignalfrom theinelastic-scatteringevents.In orderto extractthesignalfrom

thesebackgrounds,both beamsarechoppedin a phasedfour-way pattern[11] andcountsfrom

4



thedetector, with positioninformationintact,areaccumulatedin four histogrammingmemories.

Thedetectorcountsin thefour two-dimensionalhistogramsareindividually correctedfor thedead

timesof the positioncomputerandhistograminterfaceandof the microchannelplatesandthen

appropriatelyaddedandsubtractedto obtainthe inelasticsignalasa function of positionon the

PSD.

Theexcitationcrosssectionat an interactionenergy in thecenter-of-masssystem����� is de-

terminedby

��� ��� �"!$#
%
&

'�()'+*
'+(�,-'�*

.0/ �
1 ( 1 *32$4 (1)

where
%

is thesignalcountratefrom detectionof theinelasticallyscatteredelectrons,& is thePSD

detectionefficiency measuredto be �6587+9+:<;=�+5>�@?
9 , and'+( , '�* , 1 ( and
1 * arethelaboratoryvelocities

andcurrentsof theelectronsandionsof chargemagnitudes/ and .0/ , respectively. Theform factor

2 is givenby

2 #
A �CB 4EDF4HG !JI B I D K �CB 4EDL43G !JI B I DA �8B 4EDF4HG ! K �8B 4MDL4HG !JI B I D I G 5 (2)

Thedensitiesof thetwo beams
A �CB 4EDL43G ! and K �CB 4EDF4HG ! aremeasuredwith amovablevideoprobe

[15] at severalpositionsalongthe interactionregion. Theprobeconsistsof a MCP backedby a

phosphor-coatedcoherentfiberopticbundleto convert theincidentparticlesinto anopticalsignal

thatis thendigitizedbyacharge-injectiondevicecamerachip. Recentlythisprobewasmodifiedto

improvemeasurementsonelectronswith laboratoryenergieslessthan20eV byaddingagrounded

grid to thefront of theprobesothatelectronscouldbeacceleratedbeforestriking theprobeMCP.

In thepresentinvestigation,thepotentialbetweenthegrid andthe front surfaceof theMCP was

setat75 V.

Thedatatakingprotocolconsistedof first tuningtheelectronandion beamsto obtainminimum

backgrounds.Concurrently, effort wasmadeto geta reasonableoverlapin front of thedemerger

apertures,but with nooverlapbeyondthemin orderto preventelasticallyscatteredelectronsfrom

reachingthe PSD.A form factorwasthendeterminedfrom the measuredbeamdensities.Data

werecollectedat a given center-of-massenergy ����� until the requiredstatisticalaccuracy was
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reached. More datawere then taken after ����� was changeda few percentto a new value by

preciselyscalingthemagneticfield andthevoltageson theelectrongun,merger, anddemerger.

Thiswasrepeatedseveraltimesto coveragivenenergy range.Beamprofilesweremeasuredagain

at theendof this runof severalenergiesto ensurethattheform factordid notdeviatesignificantly

duringthescalings.

After modifying thebeamprobeto giveimprovedresponseto low-energy electrons,datawere

taken for which the form factorwasmeasuredcarefully and found to be independentof probe

parameters.Thesedataconsistedof two absolutecrosssections,oneabovethreshold( �N���O#P965>:�Q
eV) andonebelow, anda relative curve usedto determinethe“contactpotential”of theelectron

gunandhencetheabsoluteenergiesof thedata.Themeasuredstepheightwasthenusedto put the

relativecrosssectionsonanabsolutescale.Becausethe33-keV � � C�
	
ionshaveanenergy equiv-

alent to 1.4-eV electronsin the center-of-massframe,no correctionsfor backscattering[12,16]

wererequiredfor thepresentdata,which extendonly 0.5eV above threshold.

Prior to modifying thebeamprobe,severaldatasetsof crosssectionasa functionof center-

of-massenergy were measured.For fixed probeparameters,the measuredform factorswere

consistentover the energy rangeof eachset. The form factors,however, werevery dependent

onprobeparametersanddeemedto beunreliablein absolutemagnitude,sothatthecrosssections

couldonly beconsideredrelativemeasurements.A persistentsignalbelow thresholdwasobserved

for all of thedatasets,varyingsomewhatfrom oneto thenext. Eachsetwasindependentlyfitted

in a least-squaressenseto theconvolutionof aGaussianenergy distributionof variablewidth with

a variable-heightstepfunctionat 8.00eV, thespectroscopicthresholdfor the2s � 2p transition

[17]. The datawere thencorrectedby shifting the energy the fitted amountto accountfor the

contactpotentialof the electrongun andby subtractingthe fitted below-thresholdcontribution

from thecrosssection,assumingthis contribution to beindependentof energy.

Using the absolutecrosssectionmeasuredat 8.35 eV, the relative datafrom both after and

beforetheprobemodificationwerenormalizedaccordingto theirfittedstepheightsandthencom-

bined.TheGaussianfittedto thiscombinedsethasafull width athalf maximum(FWHM) of 0.17

eV. Thisdeducedenergy distributionwasthenconvolutedwith thevarioustheoreticalpredictions
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[6,18], thusobtainingtheorycurvesthatcanbecompareddirectlywith themeasurements.

III. RESULTS

Thepresentresults[19] areshown in Fig. 2 with 90%confidencelevel statisticalerrorbars.

The outerbar on the absolutemeasurementat 8.35 eV indicatesthe total expandeduncertainty

(17.3%) which is a quadraturesum of the statisticaluncertaintyand the following systematic

uncertaintiesat a level equivalent to a statistical90% confidencelevel: subtractionof below-

thresholdcontribution (12%), form factor (8%), spatially limiting the signalon the PSD(6%),

detectionefficiency (4%), ion- andelectron-beamcurrents(1% each),andion-beampurity (1%).

Also shown in Fig. 2 arethreetheoreticalpredictions,eachconvolutedwith a 0.17-eVGaussian

representingthe presentexperimentalenergy distribution. The uppersolid line is the unitarized

Coulomb-Borncalculation(including exchange)of Mageeet al. [6]. The other two curvesare

close-couplingcalculations:The dashedline is the two-statecalculationof Mageeet al. [6] and

the lower solid line is a morerecentnine-statecalculationby Burke [18]. For comparisonwith

thepresentdata,theresultsof Mageeet al. andBurke have beenshifteddown in energy 0.06eV

and0.07eV, respectively, to agreewith thespectroscopicthreshold.Thetwo-stateclose-coupling

resultsof GauandHenry [10] arealmostidentical to thoseof Mageeet al. [6] andso arenot

shown. Althoughall threetheoreticalpredictionsarewithin thetotal expandeduncertaintyof the

presentmeasurements,clearly the unitarizedCoulomb-Borncrosssectionsof Mageeet al. [6]

show thebestagreement.

Figure3 shows a comparisonof the presentresultswith prior measurements,both usingthe

crossed-beamsfluorescencemethod. The presentdata(circles) clearly show a much narrower

energy distribution thanthe resultsof eitherGregory andco-workers[4,5](triangles)or Savin et

al. [7] (squares).To facilitatecomparison,theCoulomb-Borncalculationsof Mageeet al. [6] are

convolutedwith two differentGaussians,onewith 0.17eV FWHM for thepresentexperimentand

onewith 2.3 eV FWHM for theexperimentof Gregory andco-workers. Thesearethetwo solid

curvesin Fig. 3. The dashedcurve is the convolution of the two-stateclosecouplingresultsof

7



Mageeet al. [6] with the2.3eV FWHM Gaussian.Savin et al. [7] reportedanenergy distribution

of 1.74eV FWHM. Theerrorbarsin Fig. 3 are90%confidencelevel statisticalonly, exceptfor the

outerbarsononepoint in eachsetthatrepresentthetotalexpandeduncertaintyfor thatexperiment.

Thepresentresultsandthoseof Gregoryandco-workers[4,5] arebothin goodagreementwith all

the theoreticalpredictionsshown in Figs. 2 and3 whenthecalculationsareconvolutedwith the

appropriateenergy distribution. Theresultsof Savin et al. [7], however, areabout20-30% below

theothermeasurementsandarenot in goodagreementwith thetheoreticalpredictions.Only the

nine-stateclose-couplingresultsof Burke [18] barelyfall within thetotal expandeduncertaintyof

their measurements.

IV. CONCLUSIONS

In summary, thepresentmeasurementsof absolutecrosssectionsfor theelectron-impactex-

citationof the2s � 2p transitionin C
�
	

arein goodagreementwith the resultsof Gregory and

co-workers[4,5] andall of the theoreticalpredictions,but not with the recentmeasurementsof

Savin et al [7]. The presentresults,togetherwith the resultsof Gregory andco-workers,show

that theoreticalmethodscanbeusedandrelieduponfor this transition.By extension,onewould

concludethat theorycanberelieduponfor like transitionsof othermultiply chargedionsashas

alsobeenfoundpreviously[5,11]. Theimplicationof thepresentresultsfor theDR measurements

of Savin et al. [8] is that their DR valuesshouldbe larger andthusno longeragreewith theory;

they hadthemselvesreachedthis conclusion[9] beforepublishingtheir excitationmeasurements

[7].
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Fig. 1 Schematicdiagramof the mergedelectron-ion-beamsenergy-lossapparatus(seethe

text for adescription).

11



7.25 7.50 7.75 8.00 8.25 8.50 8.75
E nergy (eV )

0

2

4

6

8

10
C

ro
ss

 S
ec

tio
n 

(1
0 

-1
6  

cm
 2  

)
e  +  C 3+  (2s   2S ) → e  +  C 3+  (2p 2P )

Fig. 2 Crosssectionsfor electron-impactexcitationof the2s � 2ptransitionin C
�
	

asafunc-

tion of thecenter-of-massenergy. Thepointsarethepresentdatawith 90%confidencelevel rel-

ativeerrorbars.All thepresentdataarerelative measurements,excepttheabsolutemeasurement

at 8.35eV, whoseouterbar representsthe total expandeduncertainty. All threeof the theoreti-

cal curveshave beenconvolutedwith a 0.17eV FWHM Gaussianrepresentingtheexperimental

electronenergy distribution: Theuppersolidcurve is theunitarizedCoulomb-Borncalculationof

Ref. [6], the dashedcurve is the two-stateclose-couplingcalculationof Ref. [6], andthe lower

solid curve is thenine-stateclose-couplingcalculationof Ref. [18]. Theclose-couplingcalcula-

tions have beenshiftedto the spectroscopicthresholdfor comparisonwith the presentdata(see

thetext).
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Fig. 3 Crosssectionsfor electron-impactexcitationof the2s � 2ptransitionin C
�
	

asafunc-

tion of thecenter-of-massenergy. Thecirclesarethepresentdata,thetrianglesthemeasurements

of Refs. [4,5], andthe squaresthe measurementsof Ref. [7]. Error barsareasin Fig. 2. The

solid curvesarethe unitarizedCoulomb-Borncalculationsof Ref. [6] convolutedwith 0.17eV

FWHM and2.3 eV FWHM Gaussiansrepresentingtheenergy distributionsof thepresentwork

andthatof Refs. [4,5], respectively. Thedashedcurve is thetwo-stateclose-couplingcalculation

of Ref. [6] convolutedwith a 2.3eV FWHM Gaussianandshiftedto thespectroscopicthreshold

for comparisonwith themeasurements(seethetext).
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