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Abstract

Absolutetotal crosssectionsfor electron-impacexcitation of the Be-like C2*, N3t and
O*t ionshave beenmeasuredhearthresholdusingthe meigedelectron-iorbeamsenegy-
loss(MEIBEL) techniqueandcalculatedusingaclose-couplindR-matrix (CCR)approach.
The 28 1S — 2s2p!'P° dipole-allaved transitionfrom the groundstatewasinvestigated
for all threeionsandsatishctoryagreemenbetweerexperimentandtheoryis found.In ad-
dition, calculationsandmeasurement®r the 2s2p3P° — 2p? 3P allowed transitionfrom
themetastabléevel of C2t arein excellentagreementThesumof thecrosssectiondor the
28 1S — 2s2p3P° and2s2p3P° — 2s2p'P° spin-forbiddentransitions,not completely
resohed by the MEIBEL techniquearemeasuredor C>t+ andO*+ andcomparedo CCR
calculationsscaledto accountfor the groundstateand metastabldractionsof the tamget
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ion beamsTheresultsfor theseunresoledtransitionsarein reasonablegreemengéxcept
for aresonancéeaturemeasuredn the 2s2p3P° — 2s2p!P° transitionin Ct thatis not
predictedby theory

1 Introduction

In mostplasmaenvironmentsthe propertiesare determinedby the electronsand
the ions, andthe interactionsbetweenthem. Inelasticelectron-ioncollisions play
a major role in the enegy balanceof plasmasFor this reasonmodelersand di-
agnosticiansequireabsolutecrosssectiondor theseprocesse<Crosssectiongor
electron-impacexcitation of ions are neededo interpretspectroscopieneasure-
mentsandfor simulationsof plasmasusingcollisional-radiatve models.

lonsin the beryllium isoelectronicsequencere presentin a rangeof laboratory
and astrophysicaplasmasincluding fusion devices [1], planetarynelulae[2,3],

andactie galacticnuclei[4,5]. Emissionsfrom transitionsamongthen = 1 and
n = 2 levelsof variousions arethe primary spectrallines obsenedin suchplas-
mas.Accurateexcitationcrosssectiondor thesetransitionsarerequiredfor proper
interpretatiorof the obsenedspectraA recentpaper{6] reviewsthecurrentstatus
of excitationdatafor C2*, N>+, O**, andotherBe-like ions.

For dipole-allovedexcitations the primarycontribution to thecrosssectionis from
direct excitation. For spin-forbiddentransitions,however, the direct contribution
mayberelatively smallsothatthe nearthresholdexcitationcrosssectionsarecom-
monly dominatedby dielectronicresonancef/—11]. Theseresonancearisefrom
resonantcaptureof incident electronsto doubly-eccited levels of the next-lower
chage stateof theion followed by autoionizatiornto an excited level of the origi-
nal chage state.Resonanceseenin dielectronicrecombinatiorof ionsfollow this
samemechanismexcept stabilizationof the doubly-ecited ion is accomplished
throughradiationinsteadof autoionization Accurateab initio calculationsof the
dielectronicresonanceontributionsto the excitationcrosssectionsaredifficult be-
causeheoreticabpproachemustattemptto describethe (n + 1)—electronsystem
of the doubly-eccited intermediarywith n—electronwavefunctionsof the tamget
ion. Benchmarkmeasurementsf selectedexcitation systemsanddirect compari-
sonwith theoryarecrucialin theattempto provide accuratedatafor modelingand
diagnosingof plasmas.

In this paperwe presentlectron-impacexcitation crosssectionsor Be-like C?T,
N3+, and O*t ions measuredusing the memged electron-ionbeamsenepgy-loss
(MEIBEL) techniqug12,13]andcalculatedwvith aclose-couplindgr-matrix(CCR)
approach14]. Theoryandexperimentare comparedor both dipole-allovedand
spin-forbiddenexcitationsfrom the 28 'S groundstateas well asthe 2s2p3P°
metastabléevel.
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Fig. 1. Schematidiagramof themeigedelectron-iorbeamsnegy lossapparatugseetext
for description).

2 Experiment

TheMEIBEL techniquds basednthedetectionof low-enegy electronghathave
beeninelasticallyscatteredrom targetions. Many of theexperimentaldetailshave
beenreportedoreviously[15], soonly abrief descriptionwill begivenin this paper
The MEIBEL apparatusisedfor the presentinvestigationis shavn schematically
in Fig. 1 andis immersedn auniform solenoidaimagneticfield parallelto theion
beamand defining the z-direction.Electronsare extractedfrom a dispensetype
cathodeand focusedinto a beamin the electrongun. A trochoidalenegy ana-
lyzerknown asthe“merger” (with crosseclectricandmagnetidields)is adjusted
so that the electronstraversethe crossed-fieldsegion in two gyrations,leaving
the meiger with the samevelocity vectorasthey entered but displacedperpen-
dicular to the magneticfield. In this way, the electronscan be meigedwith ions
extractedfrom the ORNL Capriceelectron-gclotron-resonancéECR)ion source.
Uponleaving the meger, theionsandelectrongrift togetherthroughthe electric-
field-freeinteractiorregion(or “mergepath; 68.5mmlong)beforebeingseparated
by a secondrochoidalanalyzerthe “demeger” The demegerelectricfield is set
to deflectelectrongsthat have beeninelasticallyscatteredn the excitation process
of interestonto a positionsensitve detectoPSD).This PSDis composef two
microchanneplatesin tandembacled by a resistve anode.Unscatterecklectrons
aredeflectedrelatively lessby the demeger fields and are collectedin a Faraday
cup.A setof aperturesat the entranceof the demegerblockselectronselastically
scatteredhroughlarge anglesthatwould otherwisereachthe PSD.Theion trajec-
toriesarerelatively unafectedby thedemeger, passinghroughto bedeflectecand
thencollectedin anotherFaradaycup.



In orderto extractthe excitationsignalfrom thelargebackgroundgroducedoy the
two chagedparticlebeamsassinghroughtheapparatusyothbeamsarechopped
in afour-way phaseathoppingschemg15]. Thecountsfrom thepositioncomputer
aredirectedinto four histogrammingnemoriescorrespondingo (1) both beams
on, (2) electronbeamon, (3) ion beamon, and(4) both beamsoff. The countsin
thefour memoriesareindividually correctedor deadtimesof the PSDandsignal
processinglectronicsBy combiningthesecorrectedcounts the two-dimensional
inelasticsignalrecevedby the PSDcanbereconstructed.

The excitation crosssectionat aninteractionenegy in the centerof-masssystem,
E..,, is determinedrom measuredjuantitiesby
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wheree is the PSD detectionefficiency measuredo be 0.445 + 0.018, v,, v;, I,
and/; arethelaboratoryvelocitiesandcurrentsof the electronsandions of chage
magnitudes andge, respectrely, and i is the signalcountratefrom detectionof
theinelasticallyscatterealectronsTheform factor F, is givenby
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The densitiesof the two beams,(¢(z,y, z) and H (z,y, z), are measuredvith a
movable video probe [16] at several positionsalong the interactionregion. The
probeconsistof a microchanneplatebacledby a phosphoicoatedcoherenfiber
optic bundleto corvertthe incidentparticlesinto an optical signalthatis thende-
tectedby a chage-injectiondevice camereachip.

The data-takingprotocol requiresthat the laboratoryenegy of the electronsbe
selectedo give thedesiredcenterof-massenegy for agivenion enepgy using

2
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where F,,;, and F; are the laboratoryenegies of the electronsandions of mass
me andm;, respectrely. The beamsare thentunedto minimize their individual
backgroundsand optimize their overlapin the interactionregion. The beamsare
arrangedo preventoverlapwithin or beyond the demeger aperturesincelarge-
angleelasticscatteringeventsin theseregionscouldproducespurioussignalonthe
detector Oncethe form factorfor a given beamarrangemenhasbeenmeasured
with thebeamprobe,datatakingbeginsatthefirst centerof-massenegy andcon-
tinuesuntil the requiredstatisticalaccurag is reachedThenE,,, is changedoy




scalingthe voltagesappliedto the electrodef the electrongun, melger, andde-
meiger and the magneticfield for a new laboratoryenegy for the electrons.By
scalingby only a few percentthe overlapof the two beamsis reproducedat the
new enepgy so that the previously measuredorm factoris still applicable.This
processontinuesuntil the crosssectionhasbeenmeasureaver a certainrangeof
E.... The beamoverlapsarethenremeasuredo demonstratéhat the form factor
hasremainecdconstantithin its experimentaluncertaintyfor this setof data.

Despitethe caretakento eliminateelasticallyscatterectlectrondrom reachinghe
detectorandto minimize the backgroundsssociatedvith thetwo beamsa signal
below theinelasticthresholds sometimesneasuredThisbelown thresholdspurious
signalis foundto beindependendf enegy andis subtractedrom datasetsn which

it is measuredFor the dipole-allavedtransitions this correctionis determinedn
thethresholdfitting proceduredescribedelow. For the spin-forbiddertransitions,
thecorrectionis determinedrom thevariance-weightecheanof all measurements
with enegiesmorethan0.2 eV below the spectroscopithreshold.

Theinteractionenegy scaleis establisheavith thedipole-alloved2s® 'S — 2s2p
1P transitionfor eachof the Be-like ions. The excitation crosssectionsmeasured
for thesetransitionsarefitted in the thresholdregion (definedasall enegiesup to
0.5 eV greaterthanthe top of the excitation step)with the corvolution of a step
function and a Gaussiarrepresentinghe experimentalelectronenegy distribu-
tion. The leastsquaredit includesadjustableparametergor the stepheight, the
full-width at half-maximum(FWHM) of the Gaussianthe enegy shift from the
spectroscopiwalueof thethresholdandthe belon-thresholdspurioussignal. This
procedurehereforeestablisheshe absoluteenegy scaleof the experiment,shifts
the measuredhresholdto the spectroscopiwalue,and accountdor the “contact
potential” of the electronguncathodeThis s critical for comparisorof resonance
positionsmeasuredor spin-forbiddentransitionswith thosepredictedby theory
Thedeterminatiorof the FWHM of the electronenegy distribution allows a more
directcomparisorof the measurearosssectionswith theoreticakesults.

Purity of the targetion beamis a particularconcernin the presentstudy Isotopic
13C and'®*O wereusedin the ECRion sourcein orderto reduceon impuritieswith

the samemass-to-chaye ratiosto lessthan 1% of the analyzedion current.This
sameevel of beampurity wasachiezedfor N** usingthe naturallymostakundant
isotope massl4.

Metastabl@onsin the 2s2p*P° stateconstitutea significantportionof Be-likeions
extractedirom ECRion sourceg17]. Lifetimesof thesemetastabléons[18,19]are
muchgreaterthanthe few microsecondlight time of ionsfrom the sourceto the
interactionregion. Thus,onemustaccounfor thegroundstateandmetastabldrac-
tions of the targetion beamin orderto determineabsolutecrosssectiongor tran-
sitionsfrom eitherof the statesPrevious MEIBEL experimentsnvolving metasta-
bles[10,11]in theincidention beamreliedon electron-impacionizationmeasure-



ments[20] combinedwith theoreticapredictionsto determinghe metastabldrac-
tion. The existing theoreticalionizationcrosssectiong21] for the presenBe-like
ions, however, are not sufficiently accurateto reliably determinethe metastable
fraction by this method.Our crossed-beamslectron-impactonization measure-
mentsfor C**, N*", and O*" did indicate a significant fraction of ions in the
metastable2s2p®P° state.In the absenceof directly measurednetastabldrac-
tions for the presentons, we have adoptedthe valuesmeasuredy Brazuket al.
[17] for Be-like ionsextractedfrom a similar ECRion source By measuring-ore-
conservingelectroncapturefrom Li(2s), they determinedmetastabldractionsof
0.56 + 0.11,0.52+ 0.08,and 0.42 + 0.06 for C>*, N**, and O** ion beams,
respectiely. Our preliminary beamattenuationmeasurementfor C?* yieldeda
metastabldraction consistentvith the valuereportedby Brazuketal.

Justabove thresholdfor a giventransition,electronsscatterednelastically (here-
afterreferredto as“inelasticelectrons”)through180degreesin the CM frameare
still traveling forward (+z direction)in the LAB framewith almostthe centerof-
massvelocity v.,,,. At higherenegies,however, inelasticelectronswill travel back-
ward in the LAB frame whentheir backward (-z direction) velocity component
exceedsu.,,,. Suchelectronswill not reachthe detectoy leadingto loss of signal.
Thereareadditionalsignallossegossibleassomeelectrongnelasticallyscattered
forwardin the LAB framecanmissthe detector Electronswith smallforward ve-
locities canbereflectedby the electricfield of the demegerduring the downward
portion of their trochoidalmotion sincebelov the groundplaneof the demeger
(typically about0.5 mm below the geometricbheamaxis) electronsexperiencea
retardingpotential. Otherinelasticelectronscanbe lost if their Larmor radii are
large enoughfor their gyromotionsto be interceptedby the demeger apertures.
All of theselossescan be estimatedusing a three-dimensionairajectorymodel-
ing program[22] taking into accountthe fields of the demeger andthe position
of the scatteringeventsasdetermineddy the measuredeamoverlaps.Weighting
thetrajectorieghatmissthe detectoraccordingo scatteringangleby usingthe ap-
propriatedifferentialscatteringcrosssection(calculatedvith the CCR approactat
a singleenegy aboutl eV above threshold),one cancorrectthe measureaignal
for suchlossesForthe2s® 'S — 2s2p!P transitions correctiongo themeasured
crosssectionsstartapproximately0.65eV above thresholdandarelessthan5% ex-
ceptfor thefew highestenegiesmeasuredSimilar correctiongor backscattering
andotherlossesveremadefor the othertransitionsmeasured.

Sincethe MEIBEL techniquerelies on detectinginelasticallyscatterecelectrons
with an enegy loss method,it cannotdifferentiatesignal electronsarising from
differentexcitationswith nearlyequalthresholcenegies.For the Be-like C2, N3+,
andO** ions,the 2s2p®P° level lies just over half way betweerthe 28 'S ground
level andthe 2s2p!P° level. This is illustratedin Fig. 2, an enegy diagramfor
then — 2 levels[23] in C?*T shawing the transitionsof interestin the present
study At centerof-massenegiesabove the thresholdfor the excitation of the *P°
— 1P° transition(6.191eV) andbelow thatfor the!S — 2P° transition(6.499eV),
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Fig. 2. Enegy diagramfor then — 2 levels of C>*. The enegies are the statistically
weightedmultiplet averagef thevaluesgivenin Ref.[23]. Transitionenegiesareshavn
for the excitationsof the presentstudy

all inelasticelectronsreachingthe detectormustbe the resultof the 3P° — P°
transition.But just above the 'S — 2P° threshold inelasticelectronsfrom the *P°
— 1P transitionare also striking the detectorso that the measuredignalis the
sumof signalsfrom thetwo excitations.

Therelative uncertaintie®f the measurementst the 90% confidencdevel arethe
guadraturesum of the statisticaluncertaintywith a coveragefactorof £ = 1.7,
uncertaintyarisingfrom incompletecollectionof the signaldueto backscattering
anddemegerlosses(20% of the correctioncalculatedwith trajectorymodeling),
and5% from relative form factoruncertainty The total expandeduncertaintyat a
comparableonfidencdevel is the quadraturesumof the relative uncertaintyand
systematiccontributions asfollows: uncertaintyin the metastabldraction of the
ion beam(20%for C%*, 15%for N*, 14%for O**), spatiallydelimiting thesignal
onthedetector(3%), subtractiorof thebelow thresholdsignal(6%for C*+, 9% for
N3t, 11%for O*"), detectorefficienay (4%), absoluteform factor(12%),andion
andelectroncurrentmeasuremenid % each).Uncertaintiesn theion andelectron
velocitiesanddeadtimesof thedetectorandelectronicsareneggligible comparedo
theabove uncertaintiegivenin parentheses.



3 Theory

The theoreticalCCR resultsare obtainedin a six-stateR-matrix calculation[14],
thatis all 28, 2s2pand 2p’ statesare explicitly included.Thesestatesarerepre-
sentedby configurationinteractionwavefunctionsformedfrom bound1ls, 2s,and
2p orbitalsaugmentedvith 3s, 3p, 3d, and 4f pseudoorbitals, as describedpre-
viously [14]. (A full descriptionof the atomic R-matrix computationss givenin
Berringtonetal. [24].) Twelve continuumtermsper scatteringchannelareusedin
the scatteringcalculationin the inner region expansion;in the outerregion, per
turbedCoulombfunctionsareemployed to accountfor the long-rangedipole po-
tentials.The partial-wave expansionis truncatedat I, = 10, andaugmenteavith a
“top-up” eventhoughall of thetransitionsarereasonablyvell convergedby L = 10
atthe (low) enegiesof interesthere.Top-upinvolvesthe extrapolationto infinity
of the partial crosssectionfrom the highestLZ explicitly included,assuminga ge-
ometric seriesfor allowed transitions;no extrapolationis done,nor is necessary
for othertransitions.Becauseof the low enepgy rangeof the presentcalculations,
the omissionof n = 3 andhigherstatesn the close-couplingexpansiondoesnot
introducesignificanterrorsin thecrosssectiongeportechere.Thiswasverified by
comparisorwith previouscalculationd25,26]thatincludedthen = 3 terms.

4 Reaults

4.1 2¢ 'S 2s2p'P°

Themeasuredrosssectiongor this dipoletransitionfrom the groundstateof C?*
are shawn in Fig. 3 along with the resultsof the presentCCR calculation.The
experimentaldata(circles) are presentedvith relative error barsat the 90% con-
fidencelevel, with the outerbarson the point at 13.2 eV representinga typical
total expandeduncertainty(27%) of the measurementd.he solid curve shovn in
Fig. 3 is the convolution of the presentCCR calculationswith a 0.23eV FWHM
Gaussiarrepresentinghe experimentalelectronenegy distribution. The agree-
mentbetweernthe experimentalandtheoreticalcrosssectionss very goodin both
magnitudeand shape well within the total expandeduncertaintyof the measure-
ments.The MEIBEL resultsabove 13.3eV have beencorrectedor backscattering
andothersignallossesasdiscussegreviously.

Experimentabndtheoreticalcrosssectiondor excitation of the first allowedtran-
sition from the groundstateof N3 are presentedn Fig. 4. Again, the MEIBEL
resultsareshown ascircles,with 90% confidencdevel relative errorbars.A typi-
cal total expandeduncertainty(26%) of the measuremeris indicatedby the outer
errorbarsonthepointat16.7eV. Measuredtrosssectiondor enegiesgreateithan
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Fig. 3. Crosssectiondor electron-impacexcitationof the2s® 1S — 2s2p!P° transitionin
C?* asafunction of the centerof-massenegy. The pointsarethe presendatawith 90%
confidencdevel relative error bars.The outererror barson the pointat 13.2eV represent
thetotal expandeduncertainty The solid cure is the presentCCR calculationconvoluted
with a 0.23 eV FWHM Gaussiarrepresentinghe experimentalelectronenepy distribu-
tion. The calculationshave beenshiftedto the spectroscopithresholdfor comparisorwith
the measurementd.he experimentalcrosssectionshave beencorrectedfor a metastable
fractionof 0.56(seetext for explanation).

16.9eV have beencorrectedor signalloss. The CCRresultsare convolutedwith
a 0.18eV FWHM Gaussiarto representhe experimentalelectronenegy distri-
bution andplottedasthe solid curve in Fig. 4. The agreemenbetweerntheoryand
experimentis fair, with the experimentalresultslying about25% above the CCR
predictions.This discrepang may be dueto having a metastabldraction of the
N3t ion beamthat is lessthanthe value of 0.52 measuredy Brazuket al. [17].
A metastabldraction of roughly 0.4 would yield the bestagreemenbetweenthe
theoreticalandexperimentakrosssections.

Figure5 shawvsthe crosssectionsmeasure@ndcalculatedfor the2s® 'S — 2s2p
1P transitionin O*". Thesolid curve s the presentlose-couplingpredictioncon-
volutedwith a 0.22 eV FWHM Gaussiarrepresentinghe enegy distribution of
the electrons.The experimentaldata,shovn as circles, are displayedwith 90%
confidencdevel relative error bars.The outererror barson the point at 20.55eV
indicatea typical total expandeduncertainty(26%) for the measurementg\bove
20.35eV the experimentakesultsincludecorrectiondor backscatteringindother
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Fig. 4. Crosssectiondor electron-impacexcitationof the2s® 1S — 2s2p!P° transitionin
N3+ asa function of the centerof-massenegy. The pointsarethe presentatawith 90%
confidencdevel relative error bars. The outererror barson the pointat 16.7 eV represent
thetotal expandeduncertainty The solid cure is the presentCCR calculationconvoluted
with a 0.18 eV FWHM Gaussiarrepresentinghe experimentalelectronenepy distribu-
tion. The calculationshave beenshiftedto the spectroscopithresholdfor comparisorwith
the measurementd.he experimentalcrosssectionshave beencorrectedfor a metastable
fractionof 0.52(seetext for explanation).

signallosses.

The experimentand theory for the first allowed transitionin O** do not agree
within the total expandeduncertaintyfor mostof the measurementsnstead,the

MEIBEL measurementée about40% above the CCR predictions.As discussed
previously for N**, one possiblesourceof discrepanyg is the metastabldraction

of 0.42 adoptedirom Brazuketal. [17]. If the metastabldractionwere0.30,the

agreemenbetweenexperimentandtheorywould be excellent. The experimental
dataareconsistentvith theresonancéeatureof thetheoreticakcurve.

4.2 2s2p*P° — 2p* 3P

For C**, we also presentresultsfor the first parity-alloved transition from the
metastable2s2p3P° level. The experimentalcrosssections,shovn as circlesin

10
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Fig. 5. Crosssectiondor electron-impacexcitationof the2s® 1S — 2s2p!P° transitionin
O*t asafunction of the centerof-massenegy. The pointsarethe presendatawith 90%
confidencdevel relative errorbars.The outererrorbarson the pointat20.55eV represent
thetotal expandeduncertainty The solid cure is the presentCCR calculationconvoluted
with a 0.22 eV FWHM Gaussiarrepresentinghe experimentalelectronenepy distribu-
tion. The calculationshave beenshiftedto the spectroscopithresholdfor comparisorwith
the measurementd.he experimentalcrosssectionshave beencorrectedfor a metastable
fractionof 0.42(seetext for explanation).

Fig. 6, arepresentedvith 90% confidencdevel error bars.The outererror baron
thepointat11.3eV indicatesatypical total expandeduncertaintyfor the measure-
ments.Correctionsappliedto themeasuredrosssectionsaabove 10.9eV to account
for signalloss(discussedn Section2) are3% or lessexceptatthefour highesten-
ergies measuredThe close-couplingcalculationsare convoluted with a 0.23 eV
FWHM Gaussianrepresentinghe electronenengy distribution and plotted asthe
solidcunein Fig. 6. Goodagreemenis seerbetweerthemeasure@ndcalculated
crosssections.

4.3 2¢ 1S— 2s2p®P° and2s2p*P° — 2s2p'P°

The metastable2s2p3P° level in C2* lies just over half-way betweenthe 28 1S
groundstateandthe 2s2p! P level, sothethresholddor the 2s2p*P° — 2s2p!P°
and2s 'S — 2s2p?P* transitionsdiffer by only 0.31eV (seeFig. 2). Thesetwo

11
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Fig. 6. Crosssectiondor electron-impacexcitationof the2s2p3P° — 2p? 3P transitionin
C?* asafunction of the centerof-massenegy. The pointsarethe presendatawith 90%
confidencdevel relative error bars. The outererror barson the pointat 11.3eV represent
thetotal expandeduncertainty The solid cure is the presentCCR calculationconvoluted
with a 0.23 eV FWHM Gaussiarrepresentinghe experimentalelectronenepy distribu-
tion. The calculationshave beenshiftedto the spectroscopithresholdfor comparisorwith
the measurementd.he experimentalcrosssectionshave beencorrectedfor a metastable
fractionof 0.56(seetext for explanation).

transitionscannotbe resolhed in the MEIBEL techniquefor the reasonstatedin
Section2. Shown in Fig. 7 arethe experimentalcrosssections(circles)that have
not beencorrectedor the metastabldraction of theion beamsinceabove the *P°
— 1P° threshold,both ground stateand metastablgon tamgets contritute to the
measuredignal.Instead the theoreticalpredictionsfor eachtransitionare scaled
for comparisorwith themeasurement3.heerrorbarsshavn representherelative
uncertaintiesat the 90% confidencdevel exceptthe outererror barson the point
at6.8eV thatindicatea typical total expandeduncertainty Signal-losscorrections
have beenappliedto the measurementabove 6.7 eV. The dash-dotand dashed
curvesin Fig. 7 arethe convolutionsof the CCR calculationgor the®P° — P> and
1S 3P transitionsyespectiely, with a Gaussiarof 0.23eV FWHM representing
the electronenenqy distribution. The*P° — 'P° predictionshave beenmultiplied
by the metastabldraction of 0.56 for comparisorwith the experiment.Similarly,
the!S — ®P° calculationshave beenscaleddown by the groundstatefraction of
0.44.Thesolid curve is the sumof thetwo scaledCCR calculations.

12
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Fig. 7. Crosssectiondor electron-impacexcitationof the2s2p*P° — 2s2p'P° and2s’ 'S

— 2s2p’P? transitionsn C?* asafunctionof thecenterof-massenegy. Thepointsarethe

presentlatawith 90%confidencdevel relative errorbars.Theoutererrorbarson the point

at6.8 eV representhetotal expandeduncertainty The curvesarethe presentCCR calcu-
lations, eachconvoluted with a 0.23 eV FWHM Gaussiarrepresentinghe experimental
electronenegy distribution, with the calculationsfor the P° — 'P° transition(dot-dash)
scaledby 0.56t0 accountor the metastabldractionof thetargetions. Similarly, thecalcu-
lationsfor 'S — 3P° transition(dashedhave beenscaledby 0.44to accountor theground
statefraction. The sumof thetwo scaledCCR calculationds shavn asthe solid curve.

Above the 'S — 3P thresholdthe agreemenbetweentheory and experimentis
fairly goodfor the combinedcrosssectionsHowever, the measurearosssections
shav aresonancéeaturejust above thethresholdor the*P° — 1P spin-forbidden
transition.Furtherstudyis requiredto decidewhetherthe CCR approachpredicts
thattheenepy of theassociatedoubly-excitedstateof C' liesjustbelav the exci-
tationthresholdsothatit doesnot contribute. Similar discrepancieaboutpositions
of dielectronicresonancefiave beenreportedpreviously [9,10] and are not sur
prising consideringhow sensitve the CCRresultsareto the structurecalculations
of thedoubly-eccitedintermediatestated27,28]. A moresophisticateatalculation
with muchmorecorrelationincludingcorepolarizationmaybe necessaryo obtain
completeconsisteng betweerthetamgetstateandresonanstateenepies.

For O*", aswith C*t, the 2s2p®P° — 2s2p'P° and 28 'S — 2s2p3P* transi-

tionscannotberesohedby the MEIBEL techniqueHence the CCRresultsshovn
in Fig. 8 for the P> — 1P* transition (dot-dashcurve) have beenmultiplied by
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Fig. 8. Crosssectiondor electron-impacexcitationof the2s2p*P° — 2s2p'P° and2s’ 'S

— 2s2p°P° transitiondn O*t asafunctionof thecenterof-massenepy. Thepointsarethe
presentlatawith 90%confidencdevel relative errorbars.Theoutererrorbarson the point

at 10.8 eV representhe total expandeduncertainty The curvesarethe presentCCR cal-

culationseachcorvolutedwith a0.22eV FWHM Gaussiamepresentinghe experimental
electronenegy distribution, with the calculationsfor the P° — 'P° transition(dot-dash)
scaledby 0.42to accountor the metastabldractionof thetargetions. Similarly, thecalcu-
lationsfor 1S — 3P° transition(dashedhave beenscaledby 0.58to accountor theground
statefraction. The sumof thetwo scaledCCR calculationsareshavn asthe solid cune.

0.42to accountfor the metastabldraction of the targetions and corvolutedwith
a0.22eV FWHM Gaussiarrepresentinghe experimentalelectronenengy distri-
bution. Similarly, the CCR calculationsfor the !S — 3P° transition(dashecturve)
have beenconvoluted and scaleddown by the groundstatefraction of 0.58. The
solid curveis the sumof thetwo scaledCCR predictionsThe MEIBEL resultsare
presentedscircles,with 90% confidencdevel error barsandinclude signal-loss
correctionsabove 10.65eV. The outerbarson the pointat 10.8eV indicatea typ-
ical total expandeduncertaintyof the measurement#s discusseabove for these
unresohedtransitionsin C?*, the experimentakesultshave not beencorrectedor
the metastabldractionof thetargetO*t ions.

Theagreemenbetweerthe CCR calculationsandthe MEIBEL measurementgre
reasonablever the entireenegy range.However, the predictedcrosssectionsor

the®P° — 1P? transitionaresmallerthantherelative uncertaintiesf the measure-
mentsso little is learnedaboutthis particular excitation. The resonancdeature
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measureahear10.8eV is accuratelypredictecby the CCRtheoryfor the!S — 3P°
transition.

5 Conclusions

The memged electron-ionbeamsenegy-losstechniquehasbeenusedto measure
electron-impaciexcitation crosssectionsfor both dipole-alloved and forbidden
transitionsfrom the groundand metastablestatesof Be-like C**, N3, and O**
ions. The presentclose-couplingR-matrix (CCR) calculationsare benchmarkd
againsthesaneasurementslsingthemetastabléon fractionsmeasuredby Brazuk
etal. [17], satishctoryagreemenbetweertheoryandexperimentis seerfor theal-
lowedtransitions althoughthe measurement®r the2s* 'S — 2s2p!P* transition
in N*t andO** lie about30% and40% higherthanthetheoreticalpredictionsye-
spectvely. In orderto eliminatethe possibilityof crosssectiondiscrepanciedueto
metastableéon fractionsin the presenexperimentdiffering from thosereportedoy
Brazuket al., anothemethodof determiningthe metastabldraction mustbe im-
plementedsincetheionizationcrosssectionapproactusedpreviously [10,11] has
proved unreliablefor theseBe-like ions. For the forbiddentransitions the agree-
mentbetweenthe MEIBEL and CCR resultsis reasonabl@xceptfor a measured
resonancén the®P° — P transitionin C** not predictedby theory More bench-
markmeasuremeni@reneededparticularlyfor forbiddentransitionsfor avariety
of ions commonin laboratoryand astrophysicaplasmasto continuethe refine-
mentof the close-couplingR-matrixapproacththatis relieduponfor productionof
thebulk of requiredelectron-impacexcitationcrosssections.
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