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Abstract

Absolutecrosssectiongor electron-impacexcitationof the2s 25 — 2p 2P tran-
sition of B2+ measuredbetweerb.4eV and7.0eV arepresentedTheresultsarein
goodagreementvith the R-matrix-with-pseudo-stas (RMPS)calculationof Mar-
chalantetal. [J. Phys. B 30, L435 (1997)]. Also presentedare crosssectionsfor
electron-impacsingle ionization of B2*, including measurementbetween25 eV
and 200 eV and calculationsusing the RMPS and time-dependentlose-coupling
(TDCC) methods. The measuredonization crosssectionsare about 14% higher
nearthepeakthanpreviousmeasurementsy Crandalletal. [Phys.Rev. A 34, 1757
(1986)], but agreewell with experimentaldataof Hofmannetal. [Z. Phys. D 16,

113(1990)]andwith thepresenandothertheoreticalpredictions.
PACSnumber(s):34.80.Kw
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. INTRODUCTION

Experimentalcrosssectionsfor electron-impacexcitation andionization of ions are of im-
portancen fields concernedvith the modelingof high-temperatur@lasmassuchasfusionand
astrophysicswherethe large amountof dataneededs mostly suppliedby theoreticalmethods.
The experimentakrosssectionssene asbenchmarkestsfor thesepredictionsandcanbe usedto
setup scalingrulesfor isoelectronicsequencesThe lithium isoelectronicsequencéasbeenthe
focusof anumberof measurementg.g.,[1-6], andis of particularinterestbecauséransitionsin
Li-lik eionsarecommonlyusedin plasmadiagnostics.

In this paper measurementsf crosssectiongor theelectron-impacexcitationof the2s 25 —
2p 2 P transitionin B2* arepresente@ndcomparedvith an R-matrix-with-pseudo-stateslcula-
tion (RMPS)by Marchalantet al. [7]. Also presentedre experimentaldataandcalculationsfor
the electron-impacsingleionizationof B2+ with comparisonso previous experimentaresultsof
Crandallet al. [3] andHofmannet al. [4]. The presentionizationresultsare alsocomparedo

othercalculationg7,8].

I[I. EXPERIMENT

A. Excitation

The absoluteelectron-impacexcitation crosssectionsor the dipole-allovedtransition2s —
2pin 'B** weremeasuredtthe Oak RidgeNationalLaboratory(ORNL) usingthe JILA/ORNL
meigedelectron-iorbeamsenegy loss(MEIBEL) technique Full detailsof themethodaregiven
elsavhere[5,9] andonly a brief descriptionis includedhere. A schematioof the experimental
setupis shown in Fig. 1. In the crossedE andB fields of a trochoidalanalyzer(*merger”), an
electronbeamperformstwo gyrationsresultingin a displacemenperpendiculato its original di-
rection,while preservingts directionandvelocity. Uponleaving the meger, the electronbeamis
megedwith a B+ beamselectedrom anelectroncyclotronresonanc€ECR)ion sourceusinga

90 analyzingmagnet After travelling in a68.5mm long electric-field-freanteractionregion and



experiencingnelasticaswell aselasticcollisions,themelgedbeamsenterasecondrochoidalan-

alyzer(“*demeger”) througha setof five apertureshatstopelectronghatareelasticallyscattered
atlarge anglesandwould otherwisereachthe detector The primary electronsaredeflectedn the

analyzerinto a Faradaycup, while the inelasticallyscatterecelectronsstrike a position-sensitie

detector(PSD)consistingof a pair of microchanneplatesanda resistve anode.Theion beam,
which is not significantly affectedby the two trochoidalanalyzersgcontinuesto travel througha

setof deflectorsandis bentby 90° to be collectedin the ion Faradaycup. A two-dimensional
video probe[10] is usedto measurehe flux distributionsof the electronandtheion beamsand

thereforetheir overlap,at sevenpositionsalongtheinteractionregion.

Large backgroundcountratesat the PSDfrom interactionsof both beamswith surfacesand
residualgasrequire a four-way choppingschemeto determinethe inelasticsignal. The PSD
signalis sequentiallyreadthrougha positioncomputeranda first-in-first-out (FIFO) buffer into
four histogrammemorymodules(M; ... M,) by switchingtheion and/orelectronbeamon and
off. M, = S+ B. + B; + B; (bothbeamson), M; = B, + By (electronbeamon, ion beamoff),
Ms = B; + B, (electronbeamoff, ion beamon),and M, = B, (bothbeamsoff), whereS, B;, B,,
and B, denotethe inelasticsignal,the ion beambackgroundthe electronbeambackgroundand
thedarkcountratesyrespectrely. Thesignalassociateavith theinelasticallyscatterealectronds
thendeterminedrom S = M; — M, — M3+ M,. Correctionsaremadeto M ... M, individually
for thedeadtimesof the PSDandthe positioncomputer

The excitation crosssectionat an interactionenegy in the centerof-masssystem,F..,,, is

givenby

S ge?
LI e

0(Eem) Ueli

E, 1)

Ve — V;
whereS is the signalcountrateof theinelasticallyscattereclectrons,F’ is the form factor ¢ is
the PSDdetectiorefficiency, andwv,, v;, I., andI; arethelaboratoryvelocitiesandcurrentsof the
electronsandtheionsof chagese andge, respectrely. Theefficiency of thePSDwasmeasuredo
be0.481+0.018 in aseparatexperimenty alternatelydirectinganelectronbeamof afew femto-

ampereontothe PSDandinto a Faradaycup connectedo a vibrating reedelectrometer From
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theratio of the PSD countsandthe currentin the Faradaycup the efficiency is determined.The

form factor /" is determinedrom the electronandtheion beamintensities G(x,y,z) andH(X,y,z):

a [G(z,y,2)H (z,y, z)dzdydz

@)

wherez is thedirectionof the magnetidield.

Beforetaking data,the electronandthe ion beamsweretunedto minimize the background
countson the PSD (typically lessthan 100 countsper nA for eachbeam). Thenthe 20 keV
ion beamwas meiged with the electronbeamin the interactionregion and the form factor F’
(Eq. 2) wasdeterminedwith thevideoprobe.At a particularelectronenepy, the excitationcross
sectionwasmeasuredintil areasonablstatisticalprecisionwasachieved. Thentheapparatusvas
preparedor thenext electronenegy by scalingthe magnetidield andthe voltagesof theelectron
gun, the meger, andthe demeger; typically differentonly by a few percentin orderto ensure
linearity of scalingand,thus,to obtainanelectronbeamwith aconstanbverlapwith theion beam.
Before and after determiningcrosssectionsat several enegies, the form factor was measured
andaninterpolatedvalue wasusedto calculatethe final crosssections.This proceduresnsured
thatbeamfluctuationsandthe scalingbetweerenegiesdid not changethe overlapof the beams
significantly during the crosssectionmeasurementsThe enegy region of interestwas scanned
severaltimesusingthis methodandthe resultsaveragedor eachenegy. The datawerefitted to
a stepfunction convolutedwith a Gaussiardistribution at the spectroscopithresholdfor the 2s
— 2ptransitionof 5.998eV [11]. Thedatawerethencorrectedoy shifting theinteractionenegy
to accountfor the contactpotentialand by subtractingthe belowv-thresholdcontrikbution to the
crosssection,assuminghis contribution to beindependenof enegy. Theionizationexperiment
describedn the next sectionshavedthat a negligible fraction of metastableons waspresentn
the B2+ beamsothatno correctionto theion currentwasneeded.

At enegiesabove the transitionthreshold,inelasticallyscatterecelectronsmay end up trav-
eling backwardsin the laboratoryframeif the centerof-masselectronvelocity in the backward
directionis largerthantheion velocity in the forward direction. In this casethe electronsdo not

reachthe detectorandcorrectionshave to be made[12,13]. Electronsthatarevelocity-matched
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to 20 keV 'B%* ionshave anenegy of 1.0 eV, sothatbackscatteringorrectionsvereexpected
to be substantialat enegies higherthan 1.0 eV above threshold. The correctionswere made
using SIMION 3D [14], athree-dimensionakrajectorymodelingprogramwhich simulatedthe
demegerregion. Theresultingdetectiorratesvereweightedwith thetheoreticalifferentialcross
sectiondor thistransition.Measurementaerenot continuedo higherenegieswherecorrections
weresubstantial.

In orderto raisethe interactionenegy at which lossesremainsmall, the experimentwasre-
peatedwith ahigherB?* beamenegy (36 keV). By thistime, however, the conditionof thevideo
probehaddegeneratedo the pointthatthe absolutemagnitudeof theform factorswasunreliable.
Hence,theseresultswere normalizedin absolutemagnitudeto the resultsobtainedearlierat 20
keV. A normalizationfactorof 0.895was obtainedasthe ratio of the stepheightof the 20 keV

datadividedby the stepheightof the 36 keV data.

B. lonization

The absolutecrosssectiondfor the electron-impacsingleionizationof 1*B** weremeasured
usingthe ORNL crossed-beamapparatus.This methodhasbeendescribedn detail elsavhere
[15-17]soonly a brief overview will be givenhere. The B** beamwasobtainedfrom the same
ECR sourceasfor the excitationmeasurementdollowing the analyzingmagnetandjust before
the collision region, the beamwaschage-purifiedin anelectrostatigarallel-plateanalyzerto re-
jectchage-changedbnsoriginatingin thebeamline. After undegoingionizationin thecollision
region, the B3+ reactionproductswere separatedrom the primary B>+ beamusinga 90° ana-
lyzing magnet. The primary beamwasdirectedinto a Faradaycup while the productions were
collectedin a channeltrorelectronmultiplier after beingbentby a 90° electrostatialeflector As
in the excitation experimentdescribedabove, a form factoris necessaryo quantify the overlap
of thetwo beams.A moveableslit probewasusedto measurehe vertical intensity distributions
necessaryo calculatethe form factor The absolutecrosssectionsarethendeterminedrom the

measuremenussing
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whereR is the production countrate, I; and I, arethe incidention andelectroncurrents,ge is
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thechage of theincidentions,v; andv, aretheincidention andelectronvelocities,F’ is theform
factor ande is the channeltrordetectiorefficiency for the productions,estimatedo be 98%[16].
In this experimentbackgroundcountswere obsened whenthe ion beamwas presentbut none
whenonly the electronbeamwas present.Consequentlythe electronbeamwaschoppedandthe
countsfrom the channeltrorwere passedo two scalersgatedto receve signal-plus-background
and backgroundyrespectiely. The signalrate R was derived from the differencebetweenthe

scalercountrates.

[11. ITONIZATION THEORY

For comparisorto the preseniow enegy experimentalresults,we calculateelectron-impact
ionizationcrosssectionsfor B2+ usingtime-independerandtime-dependentlose-couplingap-
proaches. The time-independenimethodis basedon R-matrix calculationsemploying a large
pseudo-statbasisin which we aim for corvergencein our crosssectiongo a few percentwhile
preservingthe ability of the R-matrix methodto efficiently generateresultsat mary enepies.
Thetime-dependentlose-couplingnethodis basedon the propagatiorof wavepacletsandtheir
projectiononto a completesetof boundexcited states. The excited statespectrumis calculated
usingapseudo-potentidbr the coreelectronsThis approacteliminatesproblemsof superelastic

scatteringandkeepsthe lattice sizerelatively small.

A. Time-independent theory

We usean L?-basisto representhe boundandcontinuumstatesof theion [18]. Excitationof
the positive enegy statescorrespondso ionization. A moreaccurateapproachespeciallyat low
enepies,is to projectthe positive and negative enegy L?-statesontothetrue physicalcontinuum.

We usethe programAUTOSTRUCTURE [19] to generatean orthogonalsetof Laguerrebasis



orbitals[20]. We usephysicalorbitalsfor thosestateghatwe wish to studytransitionsbetween,
or from. The N-electronconfigurationsare built-up from the one-electrororbitalsandthenthe
Hamiltonianis diagonalizedto obtainthe setof N-electroneigeneneagies and eigenstatesFor
B2+, we usephysicalls,2sand2p orbitalsandpseudo-orbital¢n/) upto 15s,14p,13d,12f, and
12ggiving rise to a 55-termclose-couplingexpansion. Of these 9 of the s, 8 of thep, 7 of the
d, and6 eachof thef andg pseudo-orbitaléie above theionizationlimit. A furtherrefinement
canbe consideredIf theinitial positioningof the pseudo-stateermenegiesis suchthatone(or
more)lies closeto theionizationlimit thenthe \; scalingparametersnthelLaguerreorbitals(see
equation(1) of Ref.[20]) canbeadjustedandhencehetermenegies)to ensurdhattheionization
limit lies roughly midway betweerntwo term enegiesof the samesymmetry for eachsymmetry
Thisreduceshesizeof theeffectof projectionwhichis anadditionalapproximation An optimum
distribution for B2+ wasobtainedon usingthe following valuesfor the scalingparametersor the
Laguerreorbitals: A\zs = 1.15, Ay = 1.04, A7 = 0.98, A7 = 0.95, and \zz = 1.04. Thus,
our (R-matrix) pseudo-statéasisis much larger thanthat of Marchalantet al. [7]. They were
looking at excitation (up to n = 4) aswell asionization and so usedphysical (Hartree-Bck)
orbitalsup to n = 4 and pseudo-orbitalsip to 9s, 8p, 8d, and 7f. This limited pseudo-state
expansionnecessitatetiaking the averageof resultsobtainedfrom five separateR-matrix runs
usingdifferentscalingparameters Even so, asMarchalantet al. [7] noted,their R-matrix with
pseudo-stategsultsfell significantlybelown their corvergentclose-couplingesultsfor ionization
athigherenegies. In factour (R-matrix) calculationsaremuchcloserin spirit to their corvergent
close-couplingcalculations.

We solve thetime-independentlose-couplinggquationsisingthe R-matrix method[21]. Our
startingpointis RMATRX |1, the (Breit—Pauli) R-matrix codeg22] developedfor thelron Project
[23]. A practicalproblemencountereds the orthogonalizatiorof the continuumbasisorbitals
(thatareusedto describethe scatteringelectron)to the Laguerreorbitals. Bartschaktal. [24] use
anumericalSchmidtorthogonalizatiorprocedure We useanalternatve approachwhich we find
to be more stablenumericallywhen usinga large R-matrix continuumbasis[20,25]. For B>*,

our ‘target’ orbitalsnecessitatéhe useof an R-matrix box of radiusR = 26.7 and30 continuum
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basisorbitals per angularmomentum(initially) to obtaincrosssectionscornvergedto 1% up to
anincidentelectronenegy of 200eV We carriedout LS-couplingcalculationswith exchangeas
describedabove, for L=0-8 togetherwith a ‘top-up’ for higher L. The ‘top-up’ merits further
discussion. We make useof Seatorns STGF asymptoticcode[26]. The original versiononly
toppedup dipole transitionsin L.S-coupling, which often sufficesfor the excitation of physical
discretestates. (Later versionsin usealsotop up fine-structuretransitions.) This is insufficient
for the excitation of pseudo-stateBecausdhereis a biastowardshigh multipole transitions(in

contrastto thenormal‘physical’ case).Thisis dueto the factthatunitarity forcescorvergenceof

thetotal crosssection(i.e. summedover all /) beforecorvergenceis achiesedin the partial cross
sectiongi.e. eachindividuall) — seeBray[27] for a detailedstudy We find thattoppingup only

thedipole andthe quadrupoldransitions for example,givesriseto a severeunderestimatef the
partial high-L contrikution. We have implementeda top-upusingthe lowestpositive 2*-pole for

eachtransition[28] to overcomethis.

In our work on Bet [29] we determinedhe ionizationcrosssectionsimply by summing-up
the crosssectiongo the positive enegy pseudo-statesA morerefinedtreatmentvasdeveloped
for Na-like ions[28] andis appliedhereto the caseof B2*. Following Gallahel{30], we determine
our ionizationcrosssectionfrom

i = X 1= Xl o, @
where|m) denotesa positive or negative enegy pseudoceigenstategs; is the excitation crosssec-
tion (from theinitial groundstate)to |72), and (n| denotesa physicaldiscreteeigenstate The |7)
and(n| arethemselesconfiguration-miedstatesof the original targetbasisresultingfrom diag-
onalizationof the N-electronHamiltonian. The sumovern is dominatedby thosepseudo-states
that lie just abore andbelow the ionizationlimit. The sumover n is over all physicaldiscrete
statesandits evaluationrequireshe overlapsbetweerthe pseudo-orbitalanda Rydbeq seriesof
physicalorbitals. The point aboutthis (approximateform of the projectionis thatit takesplace
onthecrosssectionsnotthe scatteringmatrix, andso canbe appliedasa simplepost-processing

exerciseafter STGF hasbeenrun. Away from thresholdthe effect of projectionis smallfor B2,
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resultingin areductionof lessthan3%.

B. Time-dependent theory

Directionizationcrosssectionsfor the outer2s subshellof B2* arecalculatedby directsolu-
tion of thetime-dependerBchrodingeequation31,32]. Thetotal wavefunctionis expandedasa
productof atwo-dimensionatadialfunctionandafour-dimensionaktoupledsphericaharmonic.
By the variationalprinciple the two-dimensionaladial functionis foundto satisfya coupledset
of time-dependempartialdifferentialequationgor eachtotal LS symmetry Eachinitial LS radial
functionis constructedseithera symmetrizedproductof anincomingradial wavepaclet for the
scatteringelectronandaboundorbital for thevalenceelectronin thecaseof singletspinsymmetry
or asanantisymmetrizegbroductin the caseof triplet spinsymmetry The 1s? corefor B%* is rep-
resentedoy an /-dependenpseudo-potentigdl29]. The time-dependentlose-coupledquations
arethensolvedby lattice methodsemploying low-orderfinite differences Eachtwo-dimensional
radialfunctionis partitionedover the mary processorsoundin a distributed-memorysupercom-
puter Time propagatiornof eachlattice domainis performedindependentlywith only message
passingat the domainboundaries.After the collision the two-dimensionaradial functionsare
projectedonto the one-dimensionatadial eigenstate$or a boundvalenceelectronof B2*. The
resultingcollision probabilitiesfor elasticscatteringandboundstateexcitationarethensubtracted
from oneto yield atotalionizationcrosssection.

The 2s directionizationcrosssectionfor B>+ is calculatedat electron-impacenepiesof 100
eV, 130 eV, and 160 eV. All calculationsemployed a lattice of 200 x 200 points with a mesh
spacingof Ar = 0.2 au. At time zerotheincomingradial wavepaclet representinghe scattered
electronis a Gaussiarof width 5.0 aucenterechat 20 aufrom the nucleus.Thetotal time propaga-
tion is givenby 40 audivided by the groupvelocity of thewavepaclet. For anincidentenegy of
100eV thetotal timeis 15 au, correspondindgo 6000time stepsat At = 0.0025 au. Thenumber
of close-couplecquationancreasessa functionof L. For example,cornvergedresultsfor L=0

may be obtainedusing 4 close-couplecequationswhile corverged resultsfor L=6 neededl6
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coupledchannels.Fortunately the total L partial crosssection(singletplus triplet spin symme-
tries) calculatedusingthe time-dependenitattice methodagreequite well with the corresponding
time-independendistorted-vave crosssectionsat the higherL. Thus,we useda hybrid approach
in which we addedclose-couplingesultsfor L = 0 to 6 with distortedwave resultsfor L = 7 to

30. Thetotal directionizationcrosssectionsfor B2+ at thethreeincidentenepgiesareshavn as

thecross-hairedliamondsn Fig. 3.

V. RESULTS
A. Excitation

Theexcitationresultsareshovn in Fig. 2 andarealsoavailablein takulatedform [9], with the
relatve measurementgon enegy 36 keV) normalizedto the absolutemeasurement§on enegy
20keV). Theerrorbarsfor theabsolutaneasurementgpresentherelative uncertaintyatthe 90%
confidencdevel (CL) which is the quadraturesum of the relative uncertaintiesat 68% CL from
the countingstatisticsandfrom the relative uncertaintieof the form factor (2%), multiplied by
1.7. Theerrorbarsfor therelatve measuremen@reobtainedn a similar manneybutin this case
therelative form factoruncertaintyis 11%. The outererror bar on the absolutemeasuremerfor
6.32eV representshe total expandeduncertaintyat 90% CL which is the quadraturesumof the
relative uncertaintyandthe systematiaincertainty consistingof the uncertaintieof the absolute
valueof theform factor(8%), spatialdelimitationof the signalonthe PSD(6%), efficiency (4%),
ion andelectronbeamcurrents(1% each),andion beampurity (1%).

Pointsof boththe absoluteandrelative datasetsappearo be at amaximumnear6.2 eV and
at a minimum near6.4 eV. With the uncertaintiesaslarge asthey are, it is impossibleto attach
ary reality to this suggestedtructure, but sincethis trend persistedn mary datarunsit seems
worthwhile calling attentionto it. Thereappeargo be no theoreticalbasisfor ary resonancem
thisregion.

Also shavn in Fig. 2 is an R-matrix-with-pseudo-stateslculation(RMPS)of Bartschatand

co-workers[7,33], corvolutedwith the experimentalenegy spreadof 0.24 eV andshiftedto the
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spectroscopithreshold. This predictionis in excellentagreementith the presentexperimental

results.

B. lonization

Measuredonizationcrosssectionsfor electron-impactonizationof B2+ areshown, in com-
parisonwith otherexperimentabndtheoreticaresults,n Fig. 3 andarealsoavailablein takulated
form [17]. In orderto be consistenwith previous publicationsin this seriesof experimentson
electron-impactonization,e.g.,[16], the errorbarsin Fig. 3 representherelative uncertaintyat
the 68% confidencdevel (CL), while the takulatedresults[17] containboth the relative uncer
tainty at 68% CL andthetotal expandeduncertaintyat 90% CL. Therelative uncertaintyat 68%
CL includesstatisticalcountinguncertaintiesand a 2% uncertaintyfrom form factorvariations,
addedin quadrature.Systematiauncertaintiesat 90% CL areasfollows: production detection
and pulsetransmission5%), transmissiorof productions to the detector(4%), absolutevalue
of the form factor(4%), electronandion currentmeasurement&% each),andelectronandion
velocities(1% each). To obtainthe total expandeduncertaintiedor the measurementshe rela-
tive uncertaintiesmultiplied by 1.7 (i.e., at 90% CL) areaddedin quadratureo the systematic
uncertaintiesA typical total expandeduncertaintynearthe peakis 10%.

In Figure3, thepresenexperimentalindtheoreticaldata(time-dependent-close-couplitige-
ory, TDCC, and R-matrix-with-pseudo-statebieory RMPS) are presentecand comparedwith
previousdata.Very goodagreemenis foundbetweerthe experimentandthe TDCC theory while
the RMPStheoryunderestimatethe currentexperimentbout still is within the total expandedun-
certaintyof 10%. The currentexperimentis consistentvith the measurementsf Hofmannetal.
[4], and,to alesseregreebut still within thetotal expandeduncertaintiesalsowith the measure-
mentsof Crandallet al. [3]. The distorted-vave-with-exchangeheory(DWE) of Younger|[8] is
about5% higherthanthe currentexperimentaldataaroundthe peak. Very goodagreemenbver
theentireenegy ranges foundbetweerthepresentexperimentandthecornvergent-close-coupling

theory(CCC)of Marchalantetal. [7], while agreementvith the RMPScalculationof Marchalant
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etal. [7] is limited to theregion aroundthe peak.

The characteristismall oscillationsin the RMPSresultsarisefrom the useof afinite basisto
describethe continuumandariseto a greateror lesserextentin all RMPSandCCC calculations.
As the basisis extendedtoward completenessthe oscillationsdisappear While other authors
smooththemout with variousmethodswe preferto show the raw results. It is clearto the eye

wherealeast-squareftted curve would lie.

V. CONCLUSIONS

For B2+, absoluteelectron-impacexcitationcrosssectiondor the2s?S — 2p 2P transitionand
absoluteelectron-impacionization crosssectionshave beenmeasured.The RMPS calculation
of Bartschatand co-workers[7,33] is in very good agreementvith the presentexcitation cross
sections.

Excellentagreementasbeenfound betweenthe presentionization measurementand the
presenfTDCC calculationandalsowith the CCC calculationof Marchalantet al. [7]. Thedata
arealsoin goodagreementith the measurementsf Hofmannet al. [4] which areat the higher
enegiesof the presenimeasurementBoth the TDCC andRMPScalculationsshowv a reduction
in the ionizationcrosssectionas calculatedoy distorted-vave theory The differencein the two
close-couplingcalculationds just within the overall numericaluncertaintiesoundin thesequite
differentapproachesAlthough agreements not asgoodwith the presentRMPS calculationas
with the TDCC, the currentmeasureddataare still consistentwith this calculationwithin the
total expandeduncertaintyasit is alsowith the DWE calculationof Younger[8]. The present
measuremeniast the peakof thecrosssectionareaboutl4%higherthanthe earliermeasurements
of Crandallet al. [3], but againthis is within the combinedtotal expandeduncertaintieof the

measurements.
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FIG. 1. Schematicdiagramof the JILA/ORNL meiged electron-ionbeamsenegy loss (MEIBEL)

apparatusSeethetext for adescription.
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FIG. 2. Crosssectionsfor electron-impacexcitation of the 2s — 2p transitionin B2+ asa function
of the centerof-massenegy. The absolutemeasurement®0 keV ion enegy) areshavn assolid circles
andthe relatve measurement&36 keV ion enegy) are shavn asopencircles. The error barsrepresent
therelative uncertaintiesat 90% CL andthe outererrorbaron the measuremerdt 6.32eV respresentthe
total expandeduncertaintyat 90% CL. The RMPScalculation[7,33] is convolutedwith anexperimentally

determinedcenegy resolutionof 0.24eV andrepresentetly the solid line.
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FIG. 3. Crosssectionsfor electron-impacsingle ionization of B2t. The presentexperimentalre-
sultsare shavn assolid circleswith the relative uncertaintyat 68% CL. The presenttheoryis shavn as
the cross-hairedliamondgtime-dependent-cte-couwpling calculation,TDCC) andasthe thick solid line
(R-matrix-with-pseudo-stascalculation RMPS).Thedot-dashedine is thedistorted-vave-with-excharge
(DWE) theoryof Ref.[8]. Thethin solid line andthe dashedine representhe corvergent-close-oupling
(CCC)andthe RMPScalculationsrespectiely, of Ref.[7]. Thetrianglesrepresenthe measurementsf

Ref.[4] andthe squaresepresenthemeasurementsf Ref.[3].
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