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Abstract

Absolutecrosssectionsfor electron-impactexcitationof the ��� ���
	 ��� ��
 tran-

sition of B
���

measuredbetween5.4eV and7.0eV arepresented.Theresultsarein

goodagreementwith theR-matrix-with-pseudo-states (RMPS)calculationof Mar-

chalantet al. [J. Phys. B 30, L435 (1997)]. Also presentedarecrosssectionsfor

electron-impactsingle ionizationof B
���

, including measurementsbetween25 eV

and200 eV andcalculationsusing the RMPSand time-dependentclose-coupling

(TDCC) methods. The measuredionization crosssectionsare about14% higher

nearthepeakthanpreviousmeasurementsby Crandalletal. [Phys.Rev. A 34, 1757

(1986)],but agreewell with experimentaldataof Hofmannet al. [Z. Phys. D 16,

113(1990)]andwith thepresentandothertheoreticalpredictions.

PACSnumber(s):34.80.Kw

TypesetusingREVTEX
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I. INTRODUCTION

Experimentalcrosssectionsfor electron-impactexcitation and ionizationof ions areof im-

portancein fieldsconcernedwith themodelingof high-temperatureplasmas,suchasfusionand

astrophysics,wherethe large amountof dataneededis mostly suppliedby theoreticalmethods.

Theexperimentalcrosssectionsserveasbenchmarktestsfor thesepredictionsandcanbeusedto

setup scalingrulesfor isoelectronicsequences.The lithium isoelectronicsequencehasbeenthe

focusof anumberof measurements,e.g.,[1–6], andis of particularinterestbecausetransitionsin

Li-lik e ionsarecommonlyusedin plasmadiagnostics.

In thispaper, measurementsof crosssectionsfor theelectron-impactexcitationof the ��� �����
��� ��� transitionin B

���
arepresentedandcomparedwith anR-matrix-with-pseudo-statescalcula-

tion (RMPS)by Marchalantet al. [7]. Also presentedareexperimentaldataandcalculationsfor

theelectron-impactsingleionizationof B
���

with comparisonsto previousexperimentalresultsof

Crandallet al. [3] andHofmannet al. [4]. The presentionizationresultsarealsocomparedto

othercalculations[7,8].

II. EXPERIMENT

A. Excitation

Theabsoluteelectron-impactexcitationcrosssectionsfor thedipole-allowedtransition2s
�

2p in ��� B��� weremeasuredat theOakRidgeNationalLaboratory(ORNL) usingtheJILA/ORNL

mergedelectron-ionbeamsenergy loss(MEIBEL) technique.Full detailsof themethodaregiven

elsewhere[5,9] andonly a brief descriptionis includedhere. A schematicof the experimental

setupis shown in Fig. 1. In the crossedE andB fields of a trochoidalanalyzer(“merger”), an

electronbeamperformstwo gyrationsresultingin a displacementperpendicularto its original di-

rection,while preservingits directionandvelocity. Uponleaving themerger, theelectronbeamis

mergedwith aB
���

beamselectedfrom anelectroncyclotronresonance(ECR)ion sourceusinga

90� analyzingmagnet.After travelling in a68.5mmlongelectric-field-freeinteractionregionand
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experiencinginelasticaswell aselasticcollisions,themergedbeamsenterasecondtrochoidalan-

alyzer(“demerger”) throughasetof fiveaperturesthatstopelectronsthatareelasticallyscattered

at largeanglesandwould otherwisereachthedetector. Theprimaryelectronsaredeflectedin the

analyzerinto a Faradaycup,while the inelasticallyscatteredelectronsstrike a position-sensitive

detector(PSD)consistingof a pair of microchannelplatesanda resistive anode.The ion beam,

which is not significantlyaffectedby the two trochoidalanalyzers,continuesto travel througha

setof deflectorsand is bentby 90� to be collectedin the ion Faradaycup. A two-dimensional

videoprobe[10] is usedto measuretheflux distributionsof theelectronandthe ion beams,and

thereforetheir overlap,atsevenpositionsalongtheinteractionregion.

Large backgroundcountratesat the PSDfrom interactionsof both beamswith surfacesand

residualgasrequirea four-way choppingschemeto determinethe inelasticsignal. The PSD

signalis sequentiallyreadthrougha positioncomputeranda first-in-first-out(FIFO) buffer into

four histogrammemorymodules( � � ... ��� ) by switchingthe ion and/orelectronbeamon and

off: � �! 
�#"%$'&("%$')*"%$,+

(bothbeamson), � �  
$'&-"%$'+

(electronbeamon, ion beamoff),

��.  
$')�"/$,+

(electronbeamoff, ion beamon),and ���  
$'+

(bothbeamsoff), where
�

,
$')

,
$'&

,

and
$'+

denotetheinelasticsignal,the ion beambackground,theelectronbeambackground,and

thedarkcountrates,respectively. Thesignalassociatedwith theinelasticallyscatteredelectronsis

thendeterminedfrom
�

 � �10 � � 0 ��. " ��� . Correctionsaremadeto � � ... ��� individually

for thedeadtimesof thePSDandthepositioncomputer.

The excitation crosssectionat an interactionenergy in the center-of-masssystem, 2!354 , is

givenby

687 2!354:9  
�
; & ; )1<>=

�
?

@ & @ )
@ & 0 @ ) ACB (1)

where
�

is thesignalcountrateof the inelasticallyscatteredelectrons,A is the form factor, ? is

thePSDdetectionefficiency, and@ & , @ ) , ; & , and
; )

arethelaboratoryvelocitiesandcurrentsof the

electronsandtheionsof charges= and <>= , respectively. Theefficiency of thePSDwasmeasuredto

be D�EGFIHKJMLND�EGDKJOH in aseparateexperimentby alternatelydirectinganelectronbeamof afew femto-

amperesonto thePSDandinto a Faradaycup connectedto a vibrating reedelectrometer. From
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the ratio of thePSDcountsandthecurrentin theFaradaycup theefficiency is determined.The

form factor A is determinedfrom theelectronandtheion beamintensities,G(x,y,z) andH(x,y,z):

A  
P 7RQ BTSUB�V 9XW Q W S Y 7RQ BTSZB�V 9XW Q W SP 7GQ BTSUB�V 9 Y 7GQ B[SZB�V 9XW Q W S W V B (2)

wherez is thedirectionof themagneticfield.

Before taking data,the electronandthe ion beamsweretunedto minimize the background

countson the PSD (typically lessthan 100 countsper nA for eachbeam). Then the 20 keV

ion beamwas merged with the electronbeamin the interactionregion and the form factor A
(Eq.2) wasdeterminedwith thevideoprobe.At a particularelectronenergy, theexcitationcross

sectionwasmeasureduntil areasonablestatisticalprecisionwasachieved.Thentheapparatuswas

preparedfor thenext electronenergy by scalingthemagneticfield andthevoltagesof theelectron

gun, the merger, andthe demerger, typically differentonly by a few percentin order to ensure

linearityof scalingand,thus,to obtainanelectronbeamwith aconstantoverlapwith theion beam.

Before and after determiningcrosssectionsat several energies, the form factor was measured

andan interpolatedvaluewasusedto calculatethe final crosssections.This procedureensured

thatbeamfluctuationsandthescalingbetweenenergiesdid not changetheoverlapof thebeams

significantlyduring the crosssectionmeasurements.The energy region of interestwasscanned

several timesusingthis methodandtheresultsaveragedfor eachenergy. Thedatawerefitted to

a stepfunction convolutedwith a Gaussiandistribution at the spectroscopicthresholdfor the 2s�
2p transitionof 5.998eV [11]. Thedatawerethencorrectedby shifting theinteractionenergy

to accountfor the contactpotentialand by subtractingthe below-thresholdcontribution to the

crosssection,assumingthis contribution to beindependentof energy. Theionizationexperiment

describedin thenext sectionshowedthata negligible fractionof metastableions waspresentin

theB
���

beamsothatnocorrectionto theion currentwasneeded.

At energiesabove the transitionthreshold,inelasticallyscatteredelectronsmay endup trav-

eling backwardsin the laboratoryframeif the center-of-masselectronvelocity in the backward

directionis larger thanthe ion velocity in theforwarddirection. In this casetheelectronsdo not

reachthe detectorandcorrectionshave to be made[12,13]. Electronsthatarevelocity-matched
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to 20 keV ��� B��� ionshave anenergy of 1.0 eV, sothatbackscatteringcorrectionswereexpected

to be substantialat energies higher than 1.0 eV above threshold. The correctionswere made

usingSIMION 3D [14], a three-dimensionaltrajectorymodelingprogramwhich simulatedthe

demergerregion. Theresultingdetectionrateswereweightedwith thetheoreticaldifferentialcross

sectionsfor thistransition.Measurementswerenotcontinuedto higherenergieswherecorrections

weresubstantial.

In orderto raisethe interactionenergy at which lossesremainsmall, theexperimentwasre-

peatedwith ahigherB
���

beamenergy (36keV). By this time,however, theconditionof thevideo

probehaddegeneratedto thepoint thattheabsolutemagnitudeof theform factorswasunreliable.

Hence,theseresultswerenormalizedin absolutemagnitudeto the resultsobtainedearlierat 20

keV. A normalizationfactorof 0.895wasobtainedasthe ratio of the stepheightof the 20 keV

datadividedby thestepheightof the36 keV data.

B. Ionization

Theabsolutecrosssectionsfor theelectron-impactsingleionizationof ��� B��� weremeasured

usingthe ORNL crossed-beamsapparatus.This methodhasbeendescribedin detail elsewhere

[15–17]soonly a brief overview will begivenhere.TheB
���

beamwasobtainedfrom thesame

ECRsourceasfor theexcitationmeasurements.Following theanalyzingmagnetandjust before

thecollision region, thebeamwascharge-purifiedin anelectrostaticparallel-plateanalyzerto re-

jectcharge-changedionsoriginatingin thebeamline. After undergoingionizationin thecollision

region, the B. � reactionproductswereseparatedfrom the primary B
���

beamusinga 90� ana-

lyzing magnet.The primary beamwasdirectedinto a Faradaycup while the productions were

collectedin a channeltronelectronmultiplier afterbeingbentby a 90� electrostaticdeflector. As

in the excitation experimentdescribedabove, a form factor is necessaryto quantify the overlap

of thetwo beams.A moveableslit probewasusedto measurethevertical intensitydistributions

necessaryto calculatethe form factor. Theabsolutecrosssectionsarethendeterminedfrom the

measurementsusing
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687 2\354:9  
]
; ) ; &^<_=

�
?

@ ) @ &` @ ) � " @ & � ACB (3)

where
]

is the production countrate,
; )

and
; &

arethe incident ion andelectroncurrents,<>= is

thechargeof theincidentions, @ ) and@ & aretheincidention andelectronvelocities,A is theform

factor, and ? is thechanneltrondetectionefficiency for theproductions,estimatedto be98%[16].

In this experimentbackgroundcountswereobserved when the ion beamwaspresentbut none

whenonly theelectronbeamwaspresent.Consequently, theelectronbeamwaschoppedandthe

countsfrom thechanneltronwerepassedto two scalersgatedto receive signal-plus-background

and background,respectively. The signal rate
]

was derived from the differencebetweenthe

scalercountrates.

III. IONIZATION THEORY

For comparisonto thepresentlow energy experimentalresults,we calculateelectron-impact

ionizationcrosssectionsfor B
���

usingtime-independentandtime-dependentclose-couplingap-

proaches.The time-independentmethodis basedon R-matrix calculationsemploying a large

pseudo-statebasisin which we aim for convergencein our crosssectionsto a few percent,while

preservingthe ability of the R-matrix methodto efficiently generateresultsat many energies.

Thetime-dependentclose-couplingmethodis basedon thepropagationof wavepacketsandtheir

projectiononto a completesetof boundexcited states.The excited statespectrumis calculated

usingapseudo-potentialfor thecoreelectrons.Thisapproacheliminatesproblemsof superelastic

scatteringandkeepsthelatticesizerelatively small.

A. Time-independent theory

We usean a � -basisto representtheboundandcontinuumstatesof theion [18]. Excitationof

thepositiveenergy statescorrespondsto ionization.A moreaccurateapproach,especiallyat low

energies,is to projectthepositiveandnegativeenergy a � -statesontothetruephysicalcontinuum.

We usetheprogramAUTOSTRUCTURE [19] to generateanorthogonalsetof Laguerrebasis
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orbitals[20]. We usephysicalorbitalsfor thosestatesthatwe wish to studytransitionsbetween,

or from. The b -electronconfigurationsarebuilt-up from the one-electronorbitalsandthenthe

Hamiltonianis diagonalizedto obtain the setof b -electroneigenenergiesandeigenstates.For

B
���

, we usephysical1s,2sand2p orbitalsandpseudo-orbitals(ced ) up to 15s,14p,13d,12f, and

12g giving rise to a 55-termclose-couplingexpansion.Of these,9 of the s, 8 of the p, 7 of the

d, and6 eachof the f andg pseudo-orbitalslie above the ionizationlimit. A further refinement

canbeconsidered.If theinitial positioningof thepseudo-statetermenergiesis suchthatone(or

more)liescloseto theionizationlimit thenthe f gOh scalingparametersontheLaguerreorbitals(see

equation(1) of Ref.[20]) canbeadjusted(andhencethetermenergies)to ensurethattheionization

limit lies roughlymidway betweentwo termenergiesof thesamesymmetry, for eachsymmetry.

Thisreducesthesizeof theeffectof projection,whichisanadditionalapproximation.An optimum

distribution for B
���

wasobtainedon usingthefollowing valuesfor thescalingparametersfor the

Laguerreorbitals: f gOi  J�EjJ�k , f g�l  J�EGDIF , f g�m  D�EGnIH , f gOo  D�EGnIk , and f gOp  J�EGDIF . Thus,

our (
]

-matrix) pseudo-statebasisis muchlarger than that of Marchalantet al. [7]. They were

looking at excitation (up to c  F ) as well as ionization and so usedphysical(Hartree-Fock)

orbitals up to c  F and pseudo-orbitalsup to 9s, 8p, 8d, and 7f. This limited pseudo-state

expansionnecessitatedtaking the averageof resultsobtainedfrom five separate
]

-matrix runs

usingdifferentscalingparameters.Even so, asMarchalantet al. [7] noted,their
]

-matrix with

pseudo-statesresultsfell significantlybelow their convergentclose-couplingresultsfor ionization

athigherenergies.In factour (
]

-matrix) calculationsaremuchcloserin spirit to their convergent

close-couplingcalculations.

Wesolvethetime-independentclose-couplingequationsusingthe
]

-matrixmethod[21]. Our

startingpoint is RMATRX I, the(Breit–Pauli)
]

-matrixcodes[22] developedfor theIron Project

[23]. A practicalproblemencounteredis the orthogonalizationof the continuumbasisorbitals

(thatareusedto describethescatteringelectron)to theLaguerreorbitals.Bartschatetal. [24] use

a numericalSchmidtorthogonalizationprocedure.We useanalternativeapproachwhich we find

to be morestablenumericallywhenusinga large
]

-matrix continuumbasis[20,25]. For B
���

,

our ‘target’ orbitalsnecessitatetheuseof an
]

-matrix box of radius
]
 �Iq�EGr and30 continuum
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basisorbitalsper angularmomentum(initially) to obtaincrosssectionsconvergedto 1% up to

anincidentelectronenergy of 200eV. We carriedout a � -couplingcalculationswith exchange,as

describedabove, for a =0–8 togetherwith a ‘top-up’ for higher a . The ‘top-up’ merits further

discussion.We make useof Seaton’s STGF asymptoticcode[26]. The original versiononly

toppedup dipole transitionsin a � -coupling,which often sufficesfor the excitation of physical

discretestates.(Later versionsin usealsotop up fine-structuretransitions.)This is insufficient

for the excitation of pseudo-statesbecausethereis a biastowardshigh multipole transitions(in

contrastto thenormal‘physical’ case).This is dueto thefactthatunitarity forcesconvergenceof

thetotal crosssection(i.e. summedover all d ) beforeconvergenceis achievedin thepartialcross

sections(i.e. eachindividual d ) — seeBray [27] for adetailedstudy. Wefind thattoppinguponly

thedipoleandthequadrupoletransitions,for example,givesriseto a severeunderestimateof the

partialhigh-a contribution. We have implementeda top-upusingthe lowestpositive ��s -pole for

eachtransition[28] to overcomethis.

In our work on Be
�

[29] we determinedthe ionizationcrosssectionsimply by summing-up

thecrosssectionsto thepositive energy pseudo-states.A morerefinedtreatmentwasdeveloped

for Na-like ions[28] andis appliedhereto thecaseof B
���

. Following Gallaher[30], wedetermine

our ionizationcrosssectionfrom

6 )ut g  g J 0 g
vxw c v c8y v � 6 g B (4)

where
v cey denotesa positiveor negative energy pseudoeigenstate,6 g is theexcitationcrosssec-

tion (from the initial groundstate)to
v c8y , and

w c v denotesa physicaldiscreteeigenstate.The
v cey

and
w c v arethemselvesconfiguration-mixedstatesof theoriginal targetbasisresultingfrom diag-

onalizationof the b -electronHamiltonian.Thesumover c is dominatedby thosepseudo-states

that lie just above andbelow the ionization limit. The sumover c is over all physicaldiscrete

statesandits evaluationrequirestheoverlapsbetweenthepseudo-orbitalsandaRydberg seriesof

physicalorbitals. Thepoint aboutthis (approximate)form of theprojectionis that it takesplace

on thecrosssections,not thescatteringmatrix,andsocanbeappliedasa simplepost-processing

exerciseafterSTGF hasbeenrun. Away from thresholdtheeffect of projectionis small for B
���

,
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resultingin a reductionof lessthan3%.

B. Time-dependent theory

Direct ionizationcrosssectionsfor theouter ��� subshellof B
���

arecalculatedby directsolu-

tion of thetime-dependentSchrodingerequation[31,32].Thetotalwavefunctionis expandedasa

productof a two-dimensionalradialfunctionanda four-dimensionalcoupledsphericalharmonic.

By thevariationalprinciple the two-dimensionalradial function is found to satisfya coupledset

of time-dependentpartialdifferentialequationsfor eachtotal LS symmetry. Eachinitial LS radial

functionis constructedaseithera symmetrizedproductof anincomingradialwavepacket for the

scatteringelectronandaboundorbitalfor thevalenceelectronin thecaseof singletspinsymmetry,

or asanantisymmetrizedproductin thecaseof triplet spinsymmetry. The J�� � corefor B
���

is rep-

resentedby an z -dependentpseudo-potential[29]. The time-dependentclose-coupledequations

arethensolvedby latticemethodsemploying low-orderfinite differences.Eachtwo-dimensional

radial function is partitionedover themany processorsfoundin a distributed-memorysupercom-

puter. Time propagationof eachlattice domainis performedindependentlywith only message

passingat the domainboundaries.After the collision the two-dimensionalradial functionsare

projectedonto the one-dimensionalradial eigenstatesfor a boundvalenceelectronof B
���

. The

resultingcollisionprobabilitiesfor elasticscatteringandboundstateexcitationarethensubtracted

from oneto yield a total ionizationcrosssection.

The �I� direct ionizationcrosssectionfor B
���

is calculatedat electron-impactenergiesof 100

eV, 130 eV, and160 eV. All calculationsemployed a lattice of 200 { 200 points with a mesh

spacingof |~}  D�EG� au. At time zerothe incomingradialwavepacket representingthescattered

electronis aGaussianof width 5.0aucenteredat 20aufrom thenucleus.Thetotal timepropaga-

tion is givenby 40 audividedby thegroupvelocity of thewavepacket. For anincidentenergy of

100eV thetotal time is 15 au,correspondingto 6000time stepsat |~�  D�ExD�DI�Ik au. Thenumber

of close-coupledequationsincreasesasa functionof L. For example,convergedresultsfor L  0

may be obtainedusing 4 close-coupledequations,while converged resultsfor L  6 needed16
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coupledchannels.Fortunately, the total L partial crosssection(singletplus triplet spin symme-

tries)calculatedusingthetime-dependentlatticemethodagreequitewell with thecorresponding

time-independentdistorted-wavecrosssectionsat thehigherL. Thus,we useda hybrid approach

in which we addedclose-couplingresultsfor L = 0 to 6 with distortedwave resultsfor L = 7 to

30. The total direct ionizationcrosssectionsfor B
���

at the threeincidentenergiesareshown as

thecross-haireddiamondsin Fig. 3.

IV. RESULTS

A. Excitation

Theexcitationresultsareshown in Fig. 2 andarealsoavailablein tabulatedform [9], with the

relativemeasurements(ion energy 36 keV) normalizedto theabsolutemeasurements(ion energy

20keV).Theerrorbarsfor theabsolutemeasurementsrepresenttherelativeuncertaintyatthe90%

confidencelevel (CL) which is the quadraturesumof the relative uncertaintiesat 68% CL from

the countingstatisticsandfrom the relative uncertaintiesof the form factor(2%), multiplied by

1.7.Theerrorbarsfor therelativemeasurementsareobtainedin asimilarmanner, but in thiscase

therelative form factoruncertaintyis 11%. Theoutererrorbaron theabsolutemeasurementfor

6.32eV representsthetotal expandeduncertaintyat 90%CL which is thequadraturesumof the

relative uncertaintyandthesystematicuncertainty, consistingof theuncertaintiesof theabsolute

valueof theform factor(8%),spatialdelimitationof thesignalon thePSD(6%),efficiency (4%),

ion andelectronbeamcurrents(1%each),andion beampurity (1%).

Pointsof boththeabsoluteandrelative datasetsappearto beat a maximumnear6.2 eV and

at a minimum near6.4 eV. With the uncertaintiesaslarge asthey are,it is impossibleto attach

any reality to this suggestedstructure,but sincethis trendpersistedin many datarunsit seems

worthwhilecalling attentionto it. Thereappearsto beno theoreticalbasisfor any resonancesin

this region.

Also shown in Fig. 2 is anR-matrix-with-pseudo-statescalculation(RMPS)of Bartschatand

co-workers[7,33], convolutedwith theexperimentalenergy spreadof 0.24eV andshiftedto the
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spectroscopicthreshold.This predictionis in excellentagreementwith thepresentexperimental

results.

B. Ionization

Measuredionizationcrosssectionsfor electron-impactionizationof B
���

areshown, in com-

parisonwith otherexperimentalandtheoreticalresults,in Fig. 3 andarealsoavailablein tabulated

form [17]. In order to be consistentwith previous publicationsin this seriesof experimentson

electron-impactionization,e.g.,[16], theerrorbarsin Fig. 3 representtherelative uncertaintyat

the 68% confidencelevel (CL), while the tabulatedresults[17] containboth the relative uncer-

tainty at 68%CL andthetotal expandeduncertaintyat 90%CL. Therelative uncertaintyat 68%

CL includesstatisticalcountinguncertaintiesanda 2% uncertaintyfrom form factorvariations,

addedin quadrature.Systematicuncertaintiesat 90% CL areasfollows: production detection

andpulsetransmission(5%), transmissionof productions to the detector(4%), absolutevalue

of the form factor(4%), electronandion currentmeasurements(2% each),andelectronandion

velocities(1% each).To obtainthe total expandeduncertaintiesfor the measurements,the rela-

tive uncertainties,multiplied by 1.7 (i.e., at 90% CL) areaddedin quadratureto the systematic

uncertainties.A typical total expandeduncertaintynearthepeakis 10%.

In Figure3, thepresentexperimentalandtheoreticaldata(time-dependent-close-couplingthe-

ory, TDCC, andR-matrix-with-pseudo-statestheory, RMPS) are presentedandcomparedwith

previousdata.Verygoodagreementis foundbetweentheexperimentandtheTDCCtheory, while

theRMPStheoryunderestimatesthecurrentexperimentbut still is within thetotal expandedun-

certaintyof 10%. Thecurrentexperimentis consistentwith themeasurementsof Hofmannet al.

[4], and,to a lesserdegreebut still within thetotal expandeduncertainties,alsowith themeasure-

mentsof Crandallet al. [3]. Thedistorted-wave-with-exchangetheory(DWE) of Younger[8] is

about5% higherthanthecurrentexperimentaldataaroundthepeak.Very goodagreementover

theentireenergy rangeis foundbetweenthepresentexperimentandtheconvergent-close-coupling

theory(CCC)of Marchalantetal. [7], while agreementwith theRMPScalculationof Marchalant
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et al. [7] is limited to theregionaroundthepeak.

Thecharacteristicsmalloscillationsin theRMPSresultsarisefrom theuseof a finite basisto

describethecontinuumandariseto a greateror lesserextent in all RMPSandCCCcalculations.

As the basisis extendedtoward completeness,the oscillationsdisappear. While other authors

smooththemout with variousmethods,we preferto show the raw results. It is clearto the eye

wherea least-squaresfitted curvewould lie.

V. CONCLUSIONS

For B
���

, absoluteelectron-impactexcitationcrosssectionsfor the2s
�
S
�

2p
�
Ptransitionand

absoluteelectron-impactionizationcrosssectionshave beenmeasured.The RMPScalculation

of Bartschatandco-workers [7,33] is in very goodagreementwith the presentexcitation cross

sections.

Excellentagreementhasbeenfound betweenthe presentionization measurementsand the

presentTDCC calculationandalsowith theCCC calculationof Marchalantet al. [7]. Thedata

arealsoin goodagreementwith themeasurementsof Hofmannet al. [4] which areat thehigher

energiesof thepresentmeasurements.Both theTDCC andRMPScalculationsshow a reduction

in the ionizationcrosssectionascalculatedby distorted-wave theory. The differencein the two

close-couplingcalculationsis just within theoverall numericaluncertaintiesfound in thesequite

differentapproaches.Although agreementis not asgoodwith the presentRMPScalculationas

with the TDCC, the currentmeasureddataare still consistentwith this calculationwithin the

total expandeduncertaintyas it is alsowith the DWE calculationof Younger[8]. The present

measurementsat thepeakof thecrosssectionareabout14%higherthantheearliermeasurements

of Crandallet al. [3], but againthis is within the combinedtotal expandeduncertaintiesof the

measurements.
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FIG. 1. Schematicdiagramof the JILA/ORNL merged electron-ionbeamsenergy loss (MEIBEL)

apparatus.Seethetext for adescription.
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FIG. 2. Crosssectionsfor electron-impactexcitation of the 2s
	

2p transitionin B
���

asa function

of thecenter-of-massenergy. Theabsolutemeasurements(20 keV ion energy) areshown assolid circles

and the relative measurements(36 keV ion energy) areshown asopencircles. The error barsrepresent

therelative uncertaintiesat 90%CL andtheoutererrorbaron themeasurementat 6.32eV respresentsthe

total expandeduncertaintyat 90%CL. TheRMPScalculation[7,33] is convolutedwith anexperimentally

determinedenergy resolutionof 0.24eV andrepresentedby thesolid line.

19



Electron Energy (eV)

50 100 150 200

C
ro

ss
 S

ec
tio

n 
(1

0-1
8  c

m
2 )

0

2

4

6

8

10

FIG. 3. Crosssectionsfor electron-impactsingle ionization of B
���

. The presentexperimentalre-

sultsareshown assolid circleswith the relative uncertaintyat 68% CL. The presenttheory is shown as

thecross-haireddiamonds(time-dependent-close-coupling calculation,TDCC) andasthe thick solid line

(R-matrix-with-pseudo-statescalculation,RMPS).Thedot-dashedline is thedistorted-wave-with-exchange

(DWE) theoryof Ref. [8]. Thethin solid line andthedashedline representtheconvergent-close-coupling

(CCC)andtheRMPScalculations,respectively, of Ref. [7]. The trianglesrepresentthemeasurementsof

Ref. [4] andthesquaresrepresentthemeasurementsof Ref. [3].
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