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Abstract. Somerecentmeasurementsf excitation of multiply chagedions by electrons
studiedin beam-beanexperimentsare highlighted. The emphasiss on absolutetotal cross
sectiongneasuredvith the meilgedelectron-ionbeamsenegy-loss(MEIBEL) techniqueal-

thoughsomeresultsobtainedwith the crossed-beanffuorescencenethodarealsopresented.
The MEIBEL techniqueallows the investigationof optically-alloved and forbiddentransi-

tionswith sufficientenepgy resolution typically about0.2 eV, to resole resonancstructures
in the crosssections.Resultsfrom the JILA/ORNL MEIBEL experimenton dipole-alloved

transitionsn severalionsdemonstratéhe succes®f varioustheoreticamethodsn predicting
crosssectionsn the absencef resonancesComparison®f R-matrix calculationsandmea-
suredcrosssectionsfor spin-forbiddertransitionsin Mg-like Si>* andAr+, however, show

thatfurtherrefinementgo thetheoryareneededn orderto moreaccuratelypredictcrosssec-
tionsinvolving significantcontributionsfrom dielectroniacesonanceandinteractiondetween
neighboringresonances.

INTRODUCTION

Vitally importantin almostall plasmaenvironmentsare collisionsbetweenrelectrons
andions, particularlythosethat involve the transferof enegy. Crosssectionsandrate
coeficients for theseprocessesre essentiafor modelingand diagnosingplasmasin
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FIGURE 1. Crosssectionsfor electron-impacexcitation of the 3¢ 1S — 3s3p?P transitionin Ar6+,
The curve representshe close-couplingR-matrix calculationsof Ref. 1. The smallstepat the threshold
(14.1eV in thecalculationof Ref. 1) is the contribution of directexcitation.

areasof researctsuchascontrolledfusion, plasmaprocessinglighting dischages,and
astrophysics.Theoreticalefforts have producedmuch of the existing data, especially
for electron-impaciexcitation of ions. Excitation can be a direct processor a result
of resonandielectroniccapturefollowed by autoionizationleaving the targetion in an
excited state. Resonanenhancementt the crosssectionare significantin optically-

forbiddentransitionsandcandominatethe directcontribution by anorderof magnitude
or morenearthreshold,asshovn in Fig. 1 for the 38’ 'S — 3s3p*P transitionin Ar®*

calculated1] with the close-couplingR-matrix (CCR) method.

Direct configurationinteraction(Cl) andindirectinteractionswith a commoncontin-
uum have beenshawvn [2] to produceinterferencebetweemearbyresonanceandhave
a strongeffect on the resonanceontributionsto the crosssectionsascalculatedn the
close-couplingformulation. It hasalsobeenfound [2] that the resonancestructureis
sensitve to the exactenepgiesof the individual resonancesOnly in the pastfew years
have experimentalistdeenableto provide theoristswith benchmarkcrosssectionsfor
transitionsdominatedoy resonances.



POSITION

ELECTRON SENSITIVE
FARADAY CUP DETECTOR INTERACTION - -
REGION ExB
r\ | \ - -
— : B E
LENS
90° ION ~
DEFLECTOR ___ s ION BEAM
L
/ co
i~ |
( ION DEMERGER
i ‘ DEFLECTORS D _‘H HH
I
DEMERGER [ E'-EGCJ,\FI{ON
u APERTURES ‘H ‘ ‘ ‘ ‘
ION FARADAY CUP BEAM MERGER

PROBE

FIGURE 2. Schematiarawing of the JILA/ORNL memgedelectron-ionbeamsenegy loss (MEIBEL)
apparatus.

EXPERIMENTAL TECHNIQUES

Two primary beam-beanmethodshave beenusedto investigateelectron-impacex-
citationof ions. The oldermethod the crossed-beanffuorescencenethod,is basedon
detectingphotonsemittedfollowing excitationto a radiatingstateof theion. Thistech-
nique hasbeenemployed by a numberof researcherf3-7] using similar experimental
arrangementdyut the detailspresentedhereare specificto Savin et al. [7]. A multiply
chagedion beamis extractedfrom a Penningon sourcemass-to-chaeratio analyzed,
andpassedhroughanelectrostatichage purifier. Theion beamthenintersectsaa mag-
neticallyconfinedelectronbeamatanangleof 55° (otherexperimentgypically use90°).
After leaving thecollisionregion, theionsareelectrostaticallchage analyzedwith the
primaryionscollectedin a Faradaycup. A mirror subtendingslightly over = steradians
placedbelow the collision volume reflectsemitted photonsback throughthe collision
volumeandinto a photomultipliertube (PMT) orientedperpendiculato the collision
plane. The bandpas®f the photondetectoris setby the lowerwavelengthcutoff of a
quartzfilter andthe higherwavelengthcutoff of the PMT. The total photondetection
efficiency is about1%, andthelargestexperimentaluncertaintieslerive from the radio-
metric calibrationof the photondetectionsystem. This methodmustaccountfor the
angulardistribution of the emittedphotonsover the solid angleof the detectoy the po-
larization of the photons,andthe radiative lifetime of the upperlevel. Thetwo beams
are modulatedin a four-way choppingschemein orderto extract the signalfrom the
backgroundandtheir spatialoverlapis measuredvith a movablebeamprobe.

The secondmethodrelies on detectingelectronsthat have lost most of their en-



ergy duringinelasticcollisionswith ions. This melgedelectron-ionbeamsenegy-loss
(MEIBEL) techniquehasbeenusedby researcherat the JetPropulsionLaboratory[8]
for singly chagedions andin the JILA/ORNL collaboration[9], but the detailsgiven
herewill be specificto the latter group. The JILA/ORNL MEIBEL technique[10],
shavn in Fig. 2, employs trochoidalanalyzerswith crossednagneticandelectricfields
to melge anddemege an electronbeamwith anion beamextractedfrom an electron-
cyclotronresonancéon source.The demeger sernesasan enegy analyzey separating
inelasticallyscatterecklectronsfrom unscattereabr elasticallyscatterecelectrons. In-
elasticallyscatterecelectronsaredeflectedonto a calibratedpositionsensitve detectoy
while the unscatteregbrimary electronsand thoseelasticallyscatteredcat small angles
arecollectedin a Faradaycup sincethey aredeflectedessby the trochoidalfields. A
seriesof aperturesat the entranceof the demeger blockselectronselasticallyscattered
throughlarge enoughanglesto reachthe detector By measuringhe beamoverlapsat
severalpointsalongthe mege pathusinga two-dimensionavideobeamprobe[11], the
crosssectionsareput on anabsolutescale. The measuredrosssectionsat higherinter-
actionenegiesmaybecorrectedor backscatteringpssedy usingathree-dimensional
trajectorymodelingprogram[12].

The MEIBEL techniquehasthreedistinctadvantage®verthe crossed-beanftuores-
cencemethod.SincetheMEIBEL methodnvolvesthedetectiorof low enegy electrons,
completecollectionof thesignalwith detectionefficienciesof 50-70%bettersthe capa-
bilities of the fluorescencenethodby morethanan orderof magnitude.Secondly by
employing thememged-beamgeometrytheenegy resolutionof the MEIBEL technique
is typically 0.2 eV, which is 6-10timesbetterthanthatof the fluorescencenethod[7].
Finally, the fluorescencéechniquerequiresexcitationto a radiatingstate,whereagshe
MEIBEL techniquemay be appliedequallyto excitationto radiatingandnon-radiating
states.

RESULTS

The experimentalresultswill be presentedn two separateparts, one for dipole-
allowed transitionsmeasuredvith both the crossed-beamBuorescenceand MEIBEL
methodsandthe otherfor spin-forbiddertransitionsmeasuredvith the MEIBEL tech-
nique. The experimentaldatawill be comparedo theoreticalpredictionsof the close-
couplingR-matrix(CCR)anddistorted-vave (DW) approaches.

Dipole-Allowed Transitions

The2s— 2p transitionin Li-lik e C** hasbeeninvestigatedn two differentcrossed-
beamsfluorescencexperiments[7,13] asshown in Fig. 3. In addition, the transition
wasstudied[14] with the MEIBEL techniquewith theresultsalsoshavnin Fig. 3. The
theoreticalpredictionsof both Burke [15], a 9-stateCCR calculation,and Clark et al.
[16], a DW calculation,are shavn corvolutedwith 0.17eV and1.7 eV FWHM Gaus-
siansrepresentinghe enegy distributionsof Bannisteret al. [14] and Savin et al. [7],
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FIGURE 3. Crosssectiongfor electron-impacexcitation of the 2s — 2p transitionin C>*. Thecircles
representhe MEIBEL resultsof Ref. 14 andthetrianglesandsquareghe crossed-beam®sultsof Refs.
13 and7, respectrely, with relative error barsat the 90% confidencdevel. The outererror barson one
pointin eachsetrepresenthetotal expandedincertainty Thesolid curvesarethe9-stateCCRcalculations
of Ref. 15 corvolutedwith 0.17eV and1.7eV FWHM Gaussiansepresentinghe enegy distributionsof

Refs. 14 and7, respectiely. Thedashedcurvesarethe DW resultsof Ref. 16 convolutedwith the same
two Gaussians.

respectrely. Thereis goodagreemenbetweenboth calculationsandthe experimental
dataof Gregory andco-workers[13] andof Bannisteret al. [14], but the measurements
of Savin et al. [7] lie about25% below the otherdatasets,barelywithin the limits of
their total experimentaluncertainty

TheMEIBEL techniquenvasalsousedtio measurerosssectiond17] for excitationof
the3s’ 1S — 3s3p!Ptransitionin Ar%* asshowvnin Fig. 4. The8-stateCCRcalculations
of Griffin et al. [1] andthe DW calculationsof Clark et al. [16], corvolutedwith a0.24
eV FWHM Gaussianepresentinghe experimentalenegy distribution, arealsoshown
in Fig. 4. Thereis excellentagreemenbetweerall threesetsof datafor this transition.
The CCRtheoryincludessomeresonancegear22.7 eV, but their contritutionsare so
smallthattheenhancemens only asmallfeatureonthe corvolutedcurve thatis smaller
thanthe relative uncertaintieof the measurementslhe measuremeraf this transition
alsosenesto establisnthe absoluteenepgy scaleof the experiment,which is crucialfor
the measuremerdf the spin-forbiddertransitionin Ar®* discussedelow.
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FIGURE 4. Crosssectiongor electron-impacexcitationof the3s? 'S — 3s3p!Ptransitionin Aré*. The
circlesarethe MEIBEL resultsof Ref. 17 with relative error barsat the 90% confidencdevel. The outer
barsonthepointat21.75eV representhetotal expandeduncertainty Thesolid curveis the 8-stateCCR
calculationof Ref. 1 convolutedwith a 0.24eV FWHM Gaussiarrepresentinghe experimentalenegy
distribution. The dashecdcurve is the DW calculationof Ref. 16 corvolutedwith the sameGaussian.

For thetwo dipole-allovedtransitionspresentecbove, dielectronicresonancemake
very minor contributionsto theexcitationcrosssectionin thenearthresholdregion. This
is not the casefor the 3 'S — 3s3p!P transitionin Si?*, aspredictedby the 12-state
CCR calculationof Griffin et al. [1]. Dielectronicresonance this transitionmake
significantcontributionsasshavn in Fig. 5. Thereis reasonablagreemenbetweerthe
MEIBEL results[18] andthe convoluted CCR curve aboutthe averagevalueof the ex-
citationcrosssection put the experimentaddatashov a sharpedropfrom the peakcross
section,perhapgdueto aresonancgust above thresholdnot predictedby theory There
is alsodisagreemeraboutthe magnitudeof the resonancestructurepredictednear11.7
eV. TheDW resultsof Clark et al. [16] overestimatehe non-resonantrosssectionby a
factorof nearlytwo anddo notincludeary resonanceontritutions. Thedataemphasize
thedifficulty thatab initio calculationshave in predictingcrosssectionsn the presence
of significantresonanceontritutions,evenfor this dipole-allovedtransition. Interfer
encebetweemearbyresonancemay accountfor someof the differencesetweerthe
measuredrosssectionsand thosepredictedby the CCR method. Ongoingmeasure-
ments[19] usingthe crossed-beamBuorescencaechniquecould shedmore light on
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FIGURE 5. Crosssectiondor electron-impacexcitationof the3s® 1S — 3s3p!Ptransitionin Si**. The
circlesarethe MEIBEL resultsof Ref. 18 with relative error barsat the 90% confidencdevel. The outer
barsonthepointat 10.7eV representhetotal expandeduncertainty The solid curve is the 12-stateCCR
calculationof Ref. 1 convolutedwith a 0.24eV FWHM Gaussiarrepresentinghe experimentalenegy
distribution. The dashedcurve is the DW calculationof Ref. 16 corvolutedwith the sameGaussian.

this discrepang.

Spin-Forbidden Transitions

Sincethe non-resonantontritutionsareusuallysmallfor spin-forbiddentransitions,
the crosssectionsare often dominatedby dielectronicresonancess discussedn the
introduction. This is clearlydemonstratethy the experimentalexcitation crosssections
[18] for the 38 'S — 3s3p?P transitionin Si** that are shown in Fig. 6 alongwith
separatel2-stateCCR calculationsof Baluja et al. [20] and Griffin et al. [1], which
are eachcorvolutedwith a Gaussiarof 0.24eV FWHM representinghe experimental
eneqgy distribution. Thereis very goodagreemenbetweerthe threesetsof dataon the
large resonanceeaknear6.7 eV that dominateshe non-resonantontributionsto the
crosssectionby almostanorderof magnitudelon enegy limitations of the experiment
preventedmeasurementgeyond 7.6 eV sothatthe secondesonanc@eakpredictedby
theorycouldnot beinvestigated.

Experimentakxcitationcrosssectiong17] for the3s’ 1S — 3s3p*Ptransitionin Arf+
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FIGURE 6. Crosssectiondor electron-impacexcitationof the3s® 1S — 3s3p3P transitionin Si?*. The
circlesaretheMEIBEL resultsof Ref. 18 with relative errorbarsata 90%confidencdevel. Theouterbars
onthepointat6.9eV representhetotal expandedincertainty The curvesareconvolutionsof a Gaussian
(0.24eV FWHM) with CCRcalculationsfrom Ref. 1 (solid) andRef. 20 (dash-dot).

arealsodominatedby dielectronicresonancesas predictedby the 8-stateCCR calcu-
lations of Griffin et al. [1] shavn in Fig. 1. The measurementare shovn in Fig. 7
alongwith the CCR calculations[1] convolutedwith a Gaussiarof 0.24 eV FWHM.
Thecalculationagreesrery well with theexperimentfor theresonancéeaturenearl5.5
eV. Theagreementor the peaknearl4.4eV is not good,indicatingthatthe theoryhas
difficulty calculatingthe preciseenegiesof the contributing resonanceandtheir inter-
ference. Comparisorof the CCR predictionswith thoseof the independent-processes
isolated-resonanadistorted-vave (IPIRDW) approximation21], which neglectsinter-
actionsbetweerresonanceshaws thatthe lower-enepgy peakis stronglyinfluencedby
interferenceeffectsin the CCR calculation.

CONCLUSIONS

The MEIBEL techniqueis a powerful tool [22] for investigatingnearthreshold
electron-impacexcitation of ions, particularlyfor forbiddentransitionswhich arecom-
monly dominatedby dielectronicresonancesBoth the close-couplingR-matrix (CCR)
anddistorted-vave (DW) methodsarefairly successfuin predictingcrosssectionsfor
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FIGURE 7. Crosssectiongor electron-impacexcitationof the3s? 'S — 3s3p?Ptransitionin Aré*. The
circlesarethe MEIBEL resultsof Ref. 17 with relative error barsat a 90% confidencdevel. The outer
barsonthepointat 14.52eV representhetotal expandeduncertainty The solid curve is a corvolution of
aGaussiar{0.24eV FWHM) with CCRtheoryfrom Ref. 1.

dipole-allonved transitionsin the absenceof significantresonancecontritutions. The
agreemenbetweenexperimentand theory is not as good whenresonanceslominate,
andvariesgreatlyevenfor differentresonances the sametransition. The presentex-
perimentalcrosssectionssene ascrucial benchmarkgor the close-couplingR-matrix
theoryandindicatethatsomerefinementsarerequiredfor the calculationgo accurately
reproducdheresonance@ositionsandcrosssectioncontributions.
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