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Abstract

Absolutetotal crosssectionsfor electron-impactexcitation of the Be-like C� � , N � � and
O� � ionshave beenmeasurednearthresholdusingthemergedelectron-ionbeamsenergy-
loss(MEIBEL) techniqueandcalculatedusingaclose-couplingR-matrix(CCR)approach.
The2s�
	 S � 2s2p 	 P� dipole-allowed transitionfrom thegroundstatewasinvestigated
for all threeionsandsatisfactoryagreementbetweenexperimentandtheoryis found.In ad-
dition, calculationsandmeasurementsfor the2s2p � P�
� 2p��� P allowedtransitionfrom
themetastablelevel of C� � arein excellentagreement.Thesumof thecrosssectionsfor the
2s�
	 S � 2s2p � P� and2s2p � P� � 2s2p 	 P� spin-forbiddentransitions,not completely
resolvedby theMEIBEL technique,aremeasuredfor C� � andO� � andcomparedto CCR
calculationsscaledto accountfor the groundstateandmetastablefractionsof the target
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ion beams.Theresultsfor theseunresolvedtransitionsarein reasonableagreementexcept
for a resonancefeaturemeasuredin the2s2p � P��� 2s2p � P� transitionin C� � that is not
predictedby theory.

1 Introduction

In mostplasmaenvironmentsthe propertiesaredeterminedby the electronsand
the ions,andthe interactionsbetweenthem.Inelasticelectron-ioncollisionsplay
a major role in the energy balanceof plasmas.For this reason,modelersanddi-
agnosticiansrequireabsolutecrosssectionsfor theseprocesses.Crosssectionsfor
electron-impactexcitation of ions areneededto interpretspectroscopicmeasure-
mentsandfor simulationsof plasmasusingcollisional-radiativemodels.

Ions in the beryllium isoelectronicsequencearepresentin a rangeof laboratory
and astrophysicalplasmasincluding fusion devices [1], planetarynebulae [2,3],
andactive galacticnuclei [4,5]. Emissionsfrom transitionsamongthe ����� and����� levelsof variousionsaretheprimary spectrallinesobserved in suchplas-
mas.Accurateexcitationcrosssectionsfor thesetransitionsarerequiredfor proper
interpretationof theobservedspectra.A recentpaper[6] reviewsthecurrentstatus
of excitationdatafor C� � , N � � , O� � , andotherBe-like ions.

For dipole-allowedexcitations,theprimarycontributionto thecrosssectionis from
direct excitation. For spin-forbiddentransitions,however, the direct contribution
mayberelativelysmallsothatthenear-thresholdexcitationcrosssectionsarecom-
monly dominatedby dielectronicresonances[7–11]. Theseresonancesarisefrom
resonantcaptureof incidentelectronsto doubly-excited levels of the next-lower
chargestateof the ion followedby autoionizationto anexcited level of theorigi-
nal chargestate.Resonancesseenin dielectronicrecombinationof ionsfollow this
samemechanismexcept stabilizationof the doubly-excited ion is accomplished
throughradiationinsteadof autoionization.Accurateab initio calculationsof the
dielectronicresonancecontributionsto theexcitationcrosssectionsaredifficult be-
causetheoreticalapproachesmustattemptto describethe � � �!�#" $ electronsystem
of the doubly-excited intermediarywith �
$ electronwavefunctionsof the target
ion. Benchmarkmeasurementsof selectedexcitationsystemsanddirectcompari-
sonwith theoryarecrucialin theattemptto provideaccuratedatafor modelingand
diagnosingof plasmas.

In this paper, wepresentelectron-impactexcitationcrosssectionsfor Be-like C� � ,
N � � , and O� � ions measuredusing the merged electron-ionbeamsenergy-loss
(MEIBEL) technique[12,13]andcalculatedwith aclose-couplingR-matrix(CCR)
approach[14]. Theoryandexperimentarecomparedfor both dipole-allowedand
spin-forbiddenexcitationsfrom the 2s�%� S groundstateas well as the 2s2p � P�
metastablelevel.
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Fig.1.Schematicdiagramof themergedelectron-ionbeamsenergy lossapparatus(seetext
for description).

2 Experiment

TheMEIBEL techniqueis basedonthedetectionof low-energy electronsthathave
beeninelasticallyscatteredfrom targetions.Many of theexperimentaldetailshave
beenreportedpreviously[15], soonly abrief descriptionwill begivenin thispaper.
TheMEIBEL apparatususedfor thepresentinvestigationis shown schematically
in Fig. 1 andis immersedin auniform solenoidalmagneticfield parallelto theion
beamanddefining the z-direction.Electronsareextractedfrom a dispenser-type
cathodeand focusedinto a beamin the electrongun. A trochoidalenergy ana-
lyzerknown asthe“merger” (with crossedelectricandmagneticfields)is adjusted
so that the electronstraversethe crossed-fieldsregion in two gyrations,leaving
the merger with the samevelocity vectoras they entered,but displacedperpen-
dicular to the magneticfield. In this way, the electronscanbe mergedwith ions
extractedfrom theORNL Capriceelectron-cyclotron-resonance(ECR)ion source.
Uponleaving themerger, theionsandelectronsdrift togetherthroughtheelectric-
field-freeinteractionregion(or “mergepath,” 68.5mmlong)beforebeingseparated
by a secondtrochoidalanalyzer, the“demerger.” Thedemergerelectricfield is set
to deflectelectronsthathave beeninelasticallyscatteredin the excitationprocess
of interestontoa positionsensitive detector(PSD).This PSDis composedof two
microchannelplatesin tandembackedby a resistive anode.Unscatteredelectrons
aredeflectedrelatively lessby the demerger fields andarecollectedin a Faraday
cup.A setof aperturesat theentranceof thedemergerblockselectronselastically
scatteredthroughlargeanglesthatwouldotherwisereachthePSD.Theion trajec-
toriesarerelatively unaffectedby thedemerger, passingthroughto bedeflectedand
thencollectedin anotherFaradaycup.
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In orderto extracttheexcitationsignalfrom thelargebackgroundsproducedby the
two chargedparticlebeamspassingthroughtheapparatus,bothbeamsarechopped
in afour-wayphasedchoppingscheme[15]. Thecountsfrom thepositioncomputer
aredirectedinto four histogrammingmemoriescorrespondingto (1) both beams
on, (2) electronbeamon, (3) ion beamon, and(4) bothbeamsoff. Thecountsin
thefour memoriesareindividually correctedfor deadtimesof thePSDandsignal
processingelectronics.By combiningthesecorrectedcounts,thetwo-dimensional
inelasticsignalreceivedby thePSDcanbereconstructed.

Theexcitationcrosssectionat aninteractionenergy in thecenter-of-masssystem,')( *
, is determinedfrom measuredquantitiesby

+�, ' ( *)-
.0/#1 23 4444 5#6 5#75 6�8 5 7 4444 9: 6 : 7 ;=< (1)

where 3 is the PSDdetectionefficiency measuredto be >@? A�A�BDCE>@? >@F G , 5#6 , 5#7 , : 6
and

: 7 arethelaboratoryvelocitiesandcurrentsof theelectronsandionsof charge
magnitudes1 and / 1 , respectively, and

9
is thesignalcountratefrom detectionof

theinelasticallyscatteredelectrons.Theform factor, ; , is givenby

; .IH�J , K < LM< N - O K O L H�P , K < LM< N - O K O LH�J , K < LM< N - P , K < LM< N - O K O L O N ? (2)

The densitiesof the two beams,J , K < LM< N - and P , K < LM< N - , are measuredwith a
movable video probe[16] at several positionsalong the interactionregion. The
probeconsistsof amicrochannelplatebackedby aphosphor-coatedcoherentfiber
optic bundleto convert the incidentparticlesinto anopticalsignalthat is thende-
tectedby a charge-injectiondevicecamerachip.

The data-takingprotocol requiresthat the laboratoryenergy of the electronsbe
selectedto give thedesiredcenter-of-massenergy for agivenion energy using

')( * .0QMR S F�TIU 6U 7 V ')W X Y 8 R U
6

U 7 ' 7�Z
2

(3)

where
')W X Y

and
' 7 are the laboratoryenergiesof the electronsand ions of massU 6 and U 7 , respectively. The beamsare then tunedto minimize their individual

backgroundsandoptimizetheir overlapin the interactionregion. The beamsare
arrangedto preventoverlapwithin or beyond the demerger aperturessincelarge-
angleelasticscatteringeventsin theseregionscouldproducespurioussignalonthe
detector. Oncethe form factor for a given beamarrangementhasbeenmeasured
with thebeamprobe,datatakingbeginsat thefirst center-of-massenergy andcon-
tinuesuntil the requiredstatisticalaccuracy is reached.ThenE

( *
is changedby
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scalingthevoltagesappliedto theelectrodesof theelectrongun,merger, andde-
merger and the magneticfield for a new laboratoryenergy for the electrons.By
scalingby only a few percent,the overlapof the two beamsis reproducedat the
new energy so that the previously measuredform factor is still applicable.This
processcontinuesuntil thecrosssectionhasbeenmeasuredoveracertainrangeof
E[ \ . The beamoverlapsarethenremeasuredto demonstratethat the form factor
hasremainedconstantwithin its experimentaluncertaintyfor this setof data.

Despitethecaretakento eliminateelasticallyscatteredelectronsfrom reachingthe
detectorandto minimizethebackgroundsassociatedwith thetwo beams,a signal
below theinelasticthresholdis sometimesmeasured.Thisbelow thresholdspurious
signalis foundto beindependentof energyandissubtractedfromdatasetsin which
it is measured.For thedipole-allowedtransitions,this correctionis determinedin
thethresholdfitting proceduredescribedbelow. For thespin-forbiddentransitions,
thecorrectionis determinedfrom thevariance-weightedmeanof all measurements
with energiesmorethan0.2eV below thespectroscopicthreshold.

Theinteractionenergy scaleis establishedwith thedipole-allowed2s]%^ S _ 2s2p^ P̀ transitionfor eachof theBe-like ions.Theexcitationcrosssectionsmeasured
for thesetransitionsarefitted in thethresholdregion (definedasall energiesup to
0.5 eV greaterthanthe top of the excitation step)with the convolution of a step
function and a Gaussianrepresentingthe experimentalelectronenergy distribu-
tion. The leastsquaresfit includesadjustableparametersfor the stepheight, the
full-width at half-maximum(FWHM) of the Gaussian,the energy shift from the
spectroscopicvalueof thethreshold,andthebelow-thresholdspurioussignal.This
procedurethereforeestablishestheabsoluteenergy scaleof theexperiment,shifts
the measuredthresholdto the spectroscopicvalue,andaccountsfor the “contact
potential”of theelectronguncathode.This is critical for comparisonof resonance
positionsmeasuredfor spin-forbiddentransitionswith thosepredictedby theory.
Thedeterminationof theFWHM of theelectronenergy distributionallowsa more
directcomparisonof themeasuredcrosssectionswith theoreticalresults.

Purity of the target ion beamis a particularconcernin thepresentstudy. Isotopic^ a C and ^ b O wereusedin theECRion sourcein orderto reduceion impuritieswith
the samemass-to-charge ratiosto lessthan1% of the analyzedion current.This
samelevel of beampurity wasachievedfor N a c usingthenaturallymostabundant
isotope,mass14.

Metastableionsin the2s2pa P̀ stateconstituteasignificantportionof Be-like ions
extractedfrom ECRion sources[17]. Lifetimesof thesemetastableions[18,19]are
muchgreaterthanthe few microsecondflight time of ions from thesourceto the
interactionregion.Thus,onemustaccountfor thegroundstateandmetastablefrac-
tionsof thetarget ion beamin orderto determineabsolutecrosssectionsfor tran-
sitionsfrom eitherof thestates.PreviousMEIBEL experimentsinvolving metasta-
bles[10,11] in theincidention beamreliedonelectron-impactionizationmeasure-
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ments[20] combinedwith theoreticalpredictionsto determinethemetastablefrac-
tion. Theexisting theoreticalionizationcrosssections[21] for thepresentBe-like
ions, however, are not sufficiently accurateto reliably determinethe metastable
fraction by this method.Our crossed-beamselectron-impactionizationmeasure-
mentsfor Cd e , N f e , and Og e did indicatea significant fraction of ions in the
metastable2s2p f Ph state.In the absenceof directly measuredmetastablefrac-
tions for the presentions,we have adoptedthe valuesmeasuredby Brazuket al.
[17] for Be-like ionsextractedfrom asimilar ECRion source.By measuringcore-
conservingelectroncapturefrom Li(2s), they determinedmetastablefractionsof
0.56 i 0.11, 0.52 i 0.08, and 0.42 i 0.06 for Cd e , N f e , and Og e ion beams,
respectively. Our preliminarybeamattenuationmeasurementsfor Cd e yieldeda
metastablefractionconsistentwith thevaluereportedby Brazuket al.

Justabove thresholdfor a given transition,electronsscatteredinelastically(here-
afterreferredto as“inelasticelectrons”)through180degreesin theCM frameare
still traveling forward (+z direction)in theLAB framewith almostthecenter-of-
massvelocity j#k l . At higherenergies,however, inelasticelectronswill travel back-
ward in the LAB frame when their backward (-z direction) velocity component
exceedsj k l . Suchelectronswill not reachthe detector, leadingto lossof signal.
Thereareadditionalsignallossespossibleassomeelectronsinelasticallyscattered
forwardin theLAB framecanmissthedetector. Electronswith small forwardve-
locitiescanbereflectedby theelectricfield of thedemergerduringthedownward
portion of their trochoidalmotion sincebelow the groundplaneof the demerger
(typically about0.5 mm below the geometricbeamaxis) electronsexperiencea
retardingpotential.Other inelasticelectronscanbe lost if their Larmor radii are
large enoughfor their gyromotionsto be interceptedby the demerger apertures.
All of theselossescanbe estimatedusinga three-dimensionaltrajectorymodel-
ing program[22] taking into accountthe fields of the demerger andthe position
of thescatteringeventsasdeterminedby themeasuredbeamoverlaps.Weighting
thetrajectoriesthatmissthedetectoraccordingto scatteringangleby usingtheap-
propriatedifferentialscatteringcrosssection(calculatedwith theCCRapproachat
a singleenergy about1 eV above threshold),onecancorrectthemeasuredsignal
for suchlosses.For the2sd%m S n 2s2p m Ph transitions,correctionsto themeasured
crosssectionsstartapproximately0.65eV abovethresholdandarelessthan5%ex-
ceptfor thefew highestenergiesmeasured.Similar correctionsfor backscattering
andotherlossesweremadefor theothertransitionsmeasured.

Sincethe MEIBEL techniquerelieson detectinginelasticallyscatteredelectrons
with an energy lossmethod,it cannotdifferentiatesignalelectronsarising from
differentexcitationswith nearlyequalthresholdenergies.For theBe-likeCd e , N f e ,
andOg e ions,the2s2pf Ph level lies just overhalf waybetweenthe2sdom Sground
level and the 2s2p m Ph level. This is illustratedin Fig. 2, an energy diagramfor
the p0qsr levels [23] in Cd e showing the transitionsof interestin the present
study. At center-of-massenergiesabove thethresholdfor theexcitationof the f Phntm Ph transition(6.191eV) andbelow thatfor the m S nuf Ph transition(6.499eV),
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Fig. 2. Energy diagramfor the vxw�y levels of Cz { . The energies are the statistically
weightedmultipletaveragesof thevaluesgivenin Ref. [23]. Transitionenergiesareshown
for theexcitationsof thepresentstudy.

all inelasticelectronsreachingthe detectormust be the result of the | P}D~�� P}
transition.But just above the � S ~�| P} threshold,inelasticelectronsfrom the | P}~�� P} transitionarealsostriking the detectorso that the measuredsignal is the
sumof signalsfrom thetwo excitations.

Therelativeuncertaintiesof themeasurementsat the90%confidencelevel arethe
quadraturesumof the statisticaluncertaintywith a coveragefactorof �E���#� � ,
uncertaintyarisingfrom incompletecollectionof thesignaldueto backscattering
anddemerger losses(20% of the correctioncalculatedwith trajectorymodeling),
and5% from relative form factoruncertainty. The total expandeduncertaintyat a
comparableconfidencelevel is thequadraturesumof the relative uncertaintyand
systematiccontributionsas follows: uncertaintyin the metastablefraction of the
ion beam(20%for Cz { , 15%for N | { , 14%for O� { ), spatiallydelimitingthesignal
onthedetector(3%),subtractionof thebelow thresholdsignal(6%for Cz { , 9%for
N | { , 11%for O� { ), detectorefficiency (4%), absoluteform factor(12%),andion
andelectroncurrentmeasurements(1%each).Uncertaintiesin theion andelectron
velocitiesanddeadtimesof thedetectorandelectronicsarenegligible comparedto
theaboveuncertaintiesgivenin parentheses.
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3 Theory

The theoreticalCCR resultsareobtainedin a six-stateR-matrix calculation[14],
that is all 2s� , 2s2pand2p� statesareexplicitly included.Thesestatesarerepre-
sentedby configurationinteractionwavefunctionsformedfrom bound1s,2s,and
2p orbitalsaugmentedwith 3s, 3p, 3d, and4f pseudoorbitals,asdescribedpre-
viously [14]. (A full descriptionof the atomicR-matrix computationsis given in
Berringtonet al. [24].) Twelve continuumtermsperscatteringchannelareusedin
the scatteringcalculationin the inner region expansion;in the outer region, per-
turbedCoulombfunctionsareemployed to accountfor the long-rangedipole po-
tentials.Thepartial-wave expansionis truncatedat �!��� � , andaugmentedwith a
“top-up” eventhoughall of thetransitionsarereasonablywell convergedby ���x� �
at the(low) energiesof interesthere.Top-upinvolvestheextrapolationto infinity
of thepartial crosssectionfrom thehighest� explicitly included,assuminga ge-
ometricseriesfor allowed transitions;no extrapolationis done,nor is necessary,
for othertransitions.Becauseof the low energy rangeof thepresentcalculations,
theomissionof �!��� andhigherstatesin theclose-couplingexpansiondoesnot
introducesignificanterrorsin thecrosssectionsreportedhere.Thiswasverifiedby
comparisonwith previouscalculations[25,26] thatincludedthe �o�E� terms.

4 Results

4.1 2s�o� S � 2s2p � P�
Themeasuredcrosssectionsfor thisdipoletransitionfrom thegroundstateof C� �
are shown in Fig. 3 along with the resultsof the presentCCR calculation.The
experimentaldata(circles)arepresentedwith relative error barsat the 90% con-
fidencelevel, with the outer barson the point at 13.2 eV representinga typical
total expandeduncertainty(27%)of themeasurements.Thesolid curve shown in
Fig. 3 is theconvolution of the presentCCR calculationswith a 0.23eV FWHM
Gaussianrepresentingthe experimentalelectronenergy distribution. The agree-
mentbetweentheexperimentalandtheoreticalcrosssectionsis very goodin both
magnitudeandshape,well within the total expandeduncertaintyof the measure-
ments.TheMEIBEL resultsabove13.3eV havebeencorrectedfor backscattering
andothersignallossesasdiscussedpreviously.

Experimentalandtheoreticalcrosssectionsfor excitationof thefirst allowedtran-
sition from the groundstateof N � � arepresentedin Fig. 4. Again, the MEIBEL
resultsareshown ascircles,with 90%confidencelevel relative errorbars.A typi-
cal total expandeduncertainty(26%)of themeasurementis indicatedby theouter
errorbarsonthepointat16.7eV. Measuredcrosssectionsfor energiesgreaterthan
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Fig. 3. Crosssectionsfor electron-impactexcitationof the2s�
� S � 2s2p � P� transitionin
C� � asa functionof thecenter-of-massenergy. Thepointsarethepresentdatawith 90%
confidencelevel relative errorbars.Theoutererrorbarson thepoint at 13.2eV represent
thetotal expandeduncertainty. Thesolid curve is thepresentCCRcalculationconvoluted
with a 0.23eV FWHM Gaussianrepresentingthe experimentalelectronenergy distribu-
tion. Thecalculationshavebeenshiftedto thespectroscopicthresholdfor comparisonwith
the measurements.The experimentalcrosssectionshave beencorrectedfor a metastable
fractionof 0.56(seetext for explanation).

16.9eV have beencorrectedfor signalloss.TheCCRresultsareconvolutedwith
a 0.18eV FWHM Gaussianto representthe experimentalelectronenergy distri-
bution andplottedasthesolid curve in Fig. 4. Theagreementbetweentheoryand
experimentis fair, with the experimentalresultslying about25%above the CCR
predictions.This discrepancy may be due to having a metastablefraction of the
N � � ion beamthat is lessthanthe valueof 0.52measuredby Brazuket al. [17].
A metastablefractionof roughly 0.4 would yield the bestagreementbetweenthe
theoreticalandexperimentalcrosssections.

Figure5 showsthecrosssections,measuredandcalculated,for the2s�%� S � 2s2p� P� transitionin O� � . Thesolid curve is thepresentclose-couplingpredictioncon-
volutedwith a 0.22 eV FWHM Gaussianrepresentingthe energy distribution of
the electrons.The experimentaldata,shown as circles, are displayedwith 90%
confidencelevel relative errorbars.The outererrorbarson the point at 20.55eV
indicatea typical total expandeduncertainty(26%) for the measurements.Above
20.35eV theexperimentalresultsincludecorrectionsfor backscatteringandother

9



15.5 16.0 16.5 17.0 17.5
E nergy (eV )

-1

0

1

2

3

4

C
ro

ss
 S

ec
tio

n 
(1

0-1
6 cm

2 )

Fig. 4. Crosssectionsfor electron-impactexcitationof the2s 
¡ S ¢ 2s2p ¡ P£ transitionin
N ¤ ¥ asa functionof thecenter-of-massenergy. Thepointsarethepresentdatawith 90%
confidencelevel relative errorbars.Theoutererrorbarson thepoint at 16.7eV represent
thetotal expandeduncertainty. Thesolid curve is thepresentCCRcalculationconvoluted
with a 0.18eV FWHM Gaussianrepresentingthe experimentalelectronenergy distribu-
tion. Thecalculationshavebeenshiftedto thespectroscopicthresholdfor comparisonwith
the measurements.The experimentalcrosssectionshave beencorrectedfor a metastable
fractionof 0.52(seetext for explanation).

signallosses.

The experimentand theory for the first allowed transition in O¦ ¥ do not agree
within the total expandeduncertaintyfor mostof the measurements.Instead,the
MEIBEL measurementslie about40% above the CCR predictions.As discussed
previously for N ¤ ¥ , onepossiblesourceof discrepancy is the metastablefraction
of 0.42adoptedfrom Brazuket al. [17]. If themetastablefraction were0.30,the
agreementbetweenexperimentandtheorywould be excellent.The experimental
dataareconsistentwith theresonancefeatureof thetheoreticalcurve.

4.2 2s2p¤ P£�§ 2p  ¤ P
For C  ¥ , we also presentresultsfor the first parity-allowed transition from the
metastable2s2p ¤ P£ level. The experimentalcrosssections,shown as circles in
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Fig. 5. Crosssectionsfor electron-impactexcitationof the2s̈
© S ª 2s2p © P« transitionin
O¬ ­ asa functionof thecenter-of-massenergy. Thepointsarethepresentdatawith 90%
confidencelevel relative errorbars.Theoutererrorbarson thepoint at 20.55eV represent
thetotal expandeduncertainty. Thesolid curve is thepresentCCRcalculationconvoluted
with a 0.22eV FWHM Gaussianrepresentingthe experimentalelectronenergy distribu-
tion. Thecalculationshavebeenshiftedto thespectroscopicthresholdfor comparisonwith
the measurements.The experimentalcrosssectionshave beencorrectedfor a metastable
fractionof 0.42(seetext for explanation).

Fig. 6, arepresentedwith 90%confidencelevel errorbars.Theoutererrorbaron
thepoint at11.3eV indicatesa typical total expandeduncertaintyfor themeasure-
ments.Correctionsappliedto themeasuredcrosssectionsabove10.9eV to account
for signalloss(discussedin Section2) are3%or lessexceptat thefour highesten-
ergies measured.The close-couplingcalculationsareconvolutedwith a 0.23 eV
FWHM Gaussianrepresentingthe electronenergy distribution andplottedasthe
solidcurve in Fig. 6. Goodagreementis seenbetweenthemeasuredandcalculated
crosssections.

4.3 2s̈o© S ® 2s2p̄ P« and2s2p̄ P« ® 2s2p © P«
The metastable2s2p ¯ P« level in C̈ ­ lies just over half-way betweenthe 2s̈%© S
groundstateandthe2s2p © P« level, sothethresholdsfor the2s2p̄ P« ® 2s2p © P«
and2s̈%© S ® 2s2p ¯ P« transitionsdiffer by only 0.31eV (seeFig. 2). Thesetwo
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Fig. 6.Crosssectionsfor electron-impactexcitationof the2s2p° P±³² 2ṕ�° Ptransitionin
Ć µ asa functionof thecenter-of-massenergy. Thepointsarethepresentdatawith 90%
confidencelevel relative errorbars.Theoutererrorbarson thepoint at 11.3eV represent
thetotal expandeduncertainty. Thesolid curve is thepresentCCRcalculationconvoluted
with a 0.23eV FWHM Gaussianrepresentingthe experimentalelectronenergy distribu-
tion. Thecalculationshavebeenshiftedto thespectroscopicthresholdfor comparisonwith
the measurements.The experimentalcrosssectionshave beencorrectedfor a metastable
fractionof 0.56(seetext for explanation).

transitionscannotbe resolved in the MEIBEL techniquefor the reasonstatedin
Section2. Shown in Fig. 7 arethe experimentalcrosssections(circles)that have
not beencorrectedfor themetastablefractionof theion beamsinceabove the ° P±¶¸· P± threshold,both groundstateand metastableion targetscontribute to the
measuredsignal.Instead,the theoreticalpredictionsfor eachtransitionarescaled
for comparisonwith themeasurements.Theerrorbarsshown representtherelative
uncertaintiesat the 90% confidencelevel exceptthe outererror barson the point
at 6.8eV that indicatea typical total expandeduncertainty. Signal-losscorrections
have beenappliedto the measurementsabove 6.7 eV. The dash-dotand dashed
curvesin Fig. 7 aretheconvolutionsof theCCRcalculationsfor the ° P± ¶ · P± and· S ¶ ° P± transitions,respectively, with aGaussianof 0.23eV FWHM representing
the electronenergy distribution. The ° P± ¶ · P± predictionshave beenmultiplied
by themetastablefractionof 0.56for comparisonwith theexperiment.Similarly,
the · S ¶ ° P± calculationshave beenscaleddown by the groundstatefraction of
0.44.Thesolid curve is thesumof thetwo scaledCCRcalculations.
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electronenergy distribution, with thecalculationsfor the ¹ Pº » ¼ Pº transition(dot-dash)
scaledby 0.56to accountfor themetastablefractionof thetargetions.Similarly, thecalcu-
lationsfor ¼ S » ¹ Pº transition(dashed)havebeenscaledby 0.44to accountfor theground
statefraction.Thesumof thetwo scaledCCRcalculationsis shown asthesolid curve.

Above the ¼ S ¿ ¹ Pº threshold,the agreementbetweentheoryandexperimentis
fairly goodfor thecombinedcrosssections.However, themeasuredcrosssections
show aresonancefeaturejustabovethethresholdfor the ¹ Pº ¿ ¼ Pº spin-forbidden
transition.Furtherstudyis requiredto decidewhethertheCCRapproachpredicts
thattheenergy of theassociateddoubly-excitedstateof C¾ lies justbelow theexci-
tationthresholdsothatit doesnotcontribute.Similardiscrepanciesaboutpositions
of dielectronicresonanceshave beenreportedpreviously [9,10] andarenot sur-
prisingconsideringhow sensitive theCCRresultsareto thestructurecalculations
of thedoubly-excitedintermediatestates[27,28].A moresophisticatedcalculation
with muchmorecorrelationincludingcorepolarizationmaybenecessaryto obtain
completeconsistency betweenthetargetstateandresonantstateenergies.

For OÀ ¾ , aswith C½ ¾ , the 2s2p ¹ Pº ¿ 2s2p ¼ Pº and2s½%¼ S ¿ 2s2p ¹ Pº transi-
tionscannotberesolvedby theMEIBEL technique.Hence,theCCRresultsshown
in Fig. 8 for the ¹ Pº ¿ ¼ Pº transition(dot-dashcurve) have beenmultiplied by
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Fig.8.Crosssectionsfor electron-impactexcitationof the2s2pÁ PÂMÃ 2s2pÄ PÂ and2sÅ
Ä SÃ 2s2pÁ PÂ transitionsin OÆ Ç asafunctionof thecenter-of-massenergy. Thepointsarethe
presentdatawith 90%confidencelevel relativeerrorbars.Theoutererrorbarsonthepoint
at 10.8eV representthe total expandeduncertainty. The curvesarethepresentCCR cal-
culations,eachconvolutedwith a 0.22eV FWHM Gaussianrepresentingtheexperimental
electronenergy distribution, with thecalculationsfor the Á PÂ Ã Ä PÂ transition(dot-dash)
scaledby 0.42to accountfor themetastablefractionof thetargetions.Similarly, thecalcu-
lationsfor Ä S Ã Á PÂ transition(dashed)havebeenscaledby 0.58to accountfor theground
statefraction.Thesumof thetwo scaledCCRcalculationsareshown asthesolidcurve.

0.42to accountfor themetastablefractionof the target ions andconvolutedwith
a 0.22eV FWHM Gaussianrepresentingthe experimentalelectronenergy distri-
bution.Similarly, theCCRcalculationsfor the Ä S È Á PÂ transition(dashedcurve)
have beenconvolutedandscaleddown by the groundstatefraction of 0.58.The
solidcurve is thesumof thetwo scaledCCRpredictions.TheMEIBEL resultsare
presentedascircles,with 90%confidencelevel errorbarsandincludesignal-loss
correctionsabove 10.65eV. Theouterbarson thepoint at 10.8eV indicatea typ-
ical total expandeduncertaintyof themeasurements.As discussedabove for these
unresolvedtransitionsin CÅ Ç , theexperimentalresultshavenot beencorrectedfor
themetastablefractionof thetargetOÆ Ç ions.

TheagreementbetweentheCCRcalculationsandtheMEIBEL measurementsare
reasonableover theentireenergy range.However, thepredictedcrosssectionsfor
the Á PÂ È Ä PÂ transitionaresmallerthantherelativeuncertaintiesof themeasure-
mentsso little is learnedabout this particularexcitation. The resonancefeature
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measurednear10.8eV is accuratelypredictedby theCCRtheoryfor the É S ÊuË PÌ
transition.

5 Conclusions

The mergedelectron-ionbeamsenergy-losstechniquehasbeenusedto measure
electron-impactexcitation crosssectionsfor both dipole-allowed and forbidden
transitionsfrom the groundandmetastablestatesof Be-like CÍ Î , N Ë Î , andOÏ Î
ions. The presentclose-couplingR-matrix (CCR) calculationsare benchmarked
againstthesemeasurements.Usingthemetastableion fractionsmeasuredbyBrazuk
etal. [17], satisfactoryagreementbetweentheoryandexperimentis seenfor theal-
lowedtransitions,althoughthemeasurementsfor the2sÍoÉ S Ê 2s2p É PÌ transition
in N Ë Î andOÏ Î lie about30%and40%higherthanthetheoreticalpredictions,re-
spectively. In orderto eliminatethepossibilityof crosssectiondiscrepanciesdueto
metastableion fractionsin thepresentexperimentdiffering from thosereportedby
Brazuket al., anothermethodof determiningthemetastablefractionmustbe im-
plementedsincetheionizationcrosssectionapproachusedpreviously [10,11]has
proved unreliablefor theseBe-like ions.For the forbiddentransitions,the agree-
mentbetweenthe MEIBEL andCCR resultsis reasonableexceptfor a measured
resonancein the Ë PÌ=Ê�É PÌ transitionin CÍ Î not predictedby theory. More bench-
markmeasurementsareneeded,particularlyfor forbiddentransitions,for avariety
of ions commonin laboratoryandastrophysicalplasmas,to continuethe refine-
mentof theclose-couplingR-matrixapproachthatis relieduponfor productionof
thebulk of requiredelectron-impactexcitationcrosssections.
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[16] J. L. Forand,C. A. Timmer, E. K. Wåhlin, B. D. DePaola,G. H. Dunn,D. Swenson,
andK. Rinn,Rev. Sci. Instrum.61 (1990)3372.

[17] A. Brazuk,D. Dijkkamp, A. G. Drentje,F. J. de Heer, andH. Winter, J. Phys.B 17
(1984)2489.
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