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Abstract. Somerecentmeasurementsof excitation of multiply charged ions by electrons
studiedin beam-beamexperimentsarehighlighted. The emphasisis on absolutetotal cross
sectionsmeasuredwith themergedelectron-ionbeamsenergy-loss(MEIBEL) technique,al-
thoughsomeresultsobtainedwith thecrossed-beamsfluorescencemethodarealsopresented.
The MEIBEL techniqueallows the investigationof optically-allowed and forbiddentransi-
tionswith sufficient energy resolution,typically about0.2eV, to resolve resonancestructures
in the crosssections.Resultsfrom the JILA/ORNL MEIBEL experimenton dipole-allowed
transitionsin severalionsdemonstratethesuccessof varioustheoreticalmethodsin predicting
crosssectionsin theabsenceof resonances.Comparisonsof R-matrixcalculationsandmea-
suredcrosssectionsfor spin-forbiddentransitionsin Mg-like Si
�� andAr 
�� , however, show
thatfurtherrefinementsto thetheoryareneededin orderto moreaccuratelypredictcrosssec-
tionsinvolvingsignificantcontributionsfromdielectronicresonancesandinteractionsbetween
neighboringresonances.

INTRODUCTION

Vitally importantin almostall plasmaenvironmentsarecollisionsbetweenelectrons
andions,particularlythosethat involve the transferof energy. Crosssectionsandrate
coefficients for theseprocessesare essentialfor modelingand diagnosingplasmasin
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FIGURE 1. Crosssectionsfor electron-impactexcitation of the 3s
�� S � 3s3p� P transitionin Ar 
�� .

Thecurve representstheclose-couplingR-matrixcalculationsof Ref. 1. Thesmallstepat the threshold

(14.1eV in thecalculationof Ref. 1) is thecontributionof directexcitation.

areasof researchsuchascontrolledfusion,plasmaprocessing,lighting discharges,and
astrophysics.Theoreticalefforts have producedmuch of the existing data,especially
for electron-impactexcitation of ions. Excitation can be a direct processor a result
of resonantdielectroniccapturefollowedby autoionizationleaving the target ion in an
excited state. Resonantenhancementsto the crosssectionaresignificantin optically-
forbiddentransitionsandcandominatethedirectcontribution by anorderof magnitude
or morenearthreshold,asshown in Fig. 1 for the3s��� S � 3s3p� P transitionin Ar ���
calculated[1] with theclose-couplingR-matrix(CCR)method.

Direct configurationinteraction(CI) andindirect interactionswith a commoncontin-
uumhave beenshown [2] to produceinterferencebetweennearbyresonancesandhave
a strongeffect on the resonancecontributionsto the crosssectionsascalculatedin the
close-couplingformulation. It hasalsobeenfound [2] that the resonancestructureis
sensitive to theexactenergiesof the individual resonances.Only in thepastfew years
have experimentalistsbeenableto provide theoristswith benchmarkcrosssectionsfor
transitionsdominatedby resonances.
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FIGURE 2. Schematicdrawing of the JILA/ORNL mergedelectron-ionbeamsenergy loss(MEIBEL)

apparatus.

EXPERIMENTAL TECHNIQUES

Two primary beam-beammethodshave beenusedto investigateelectron-impactex-
citationof ions. Theoldermethod,thecrossed-beamsfluorescencemethod,is basedon
detectingphotonsemittedfollowing excitationto a radiatingstateof theion. This tech-
niquehasbeenemployed by a numberof researchers[3-7] usingsimilar experimental
arrangements,but thedetailspresentedherearespecificto Savin et al. [7]. A multiply
chargedion beamis extractedfrom aPenningion source,mass-to-chargeratioanalyzed,
andpassedthroughanelectrostaticchargepurifier. Theion beamthenintersectsa mag-
neticallyconfinedelectronbeamatanangleof 55� (otherexperimentstypically use90� ).
After leaving thecollision region,theionsareelectrostaticallychargeanalyzed,with the
primaryionscollectedin a Faradaycup. A mirror subtendingslightly over � steradians
placedbelow the collision volumereflectsemittedphotonsbackthroughthe collision
volumeand into a photomultipliertube(PMT) orientedperpendicularto the collision
plane. The bandpassof the photondetectoris setby the lower-wavelengthcutoff of a
quartzfilter and the higher-wavelengthcutoff of the PMT. The total photondetection
efficiency is about � � , andthelargestexperimentaluncertaintiesderive from theradio-
metric calibrationof the photondetectionsystem. This methodmustaccountfor the
angulardistribution of theemittedphotonsover thesolid angleof thedetector, thepo-
larizationof the photons,andthe radiative lifetime of the upperlevel. The two beams
aremodulatedin a four-way choppingschemein order to extract the signal from the
backgroundandtheir spatialoverlapis measuredwith amovablebeamprobe.

The secondmethodrelies on detectingelectronsthat have lost most of their en-



ergy during inelasticcollisionswith ions. This mergedelectron-ionbeamsenergy-loss
(MEIBEL) techniquehasbeenusedby researchersat theJetPropulsionLaboratory[8]
for singly chargedions andin the JILA/ORNL collaboration[9], but the detailsgiven
herewill be specific to the latter group. The JILA/ORNL MEIBEL technique[10],
shown in Fig. 2, employs trochoidalanalyzerswith crossedmagneticandelectricfields
to merge anddemerge an electronbeamwith an ion beamextractedfrom an electron-
cyclotronresonanceion source.Thedemergerservesasanenergy analyzer, separating
inelasticallyscatteredelectronsfrom unscatteredor elasticallyscatteredelectrons.In-
elasticallyscatteredelectronsaredeflectedontoa calibratedpositionsensitive detector,
while the unscatteredprimary electronsandthoseelasticallyscatteredat small angles
arecollectedin a Faradaycup sincethey aredeflectedlessby the trochoidalfields. A
seriesof aperturesat theentranceof thedemergerblockselectronselasticallyscattered
throughlarge enoughanglesto reachthe detector. By measuringthe beamoverlapsat
severalpointsalongthemergepathusinga two-dimensionalvideobeamprobe[11], the
crosssectionsareput on anabsolutescale.Themeasuredcrosssectionsat higherinter-
actionenergiesmaybecorrectedfor backscatteringlossesby usinga three-dimensional
trajectorymodelingprogram[12].

TheMEIBEL techniquehasthreedistinctadvantagesover thecrossed-beamsfluores-
cencemethod.SincetheMEIBEL methodinvolvesthedetectionof low energyelectrons,
completecollectionof thesignalwith detectionefficienciesof 50-70%bettersthecapa-
bilities of the fluorescencemethodby morethanan orderof magnitude.Secondly, by
employing themerged-beamsgeometry, theenergy resolutionof theMEIBEL technique
is typically 0.2 eV, which is 6-10timesbetterthanthatof thefluorescencemethod[7].
Finally, the fluorescencetechniquerequiresexcitation to a radiatingstate,whereasthe
MEIBEL techniquemaybeappliedequallyto excitation to radiatingandnon-radiating
states.

RESULTS

The experimentalresultswill be presentedin two separateparts, one for dipole-
allowed transitionsmeasuredwith both the crossed-beamsfluorescenceandMEIBEL
methodsandtheotherfor spin-forbiddentransitionsmeasuredwith theMEIBEL tech-
nique. The experimentaldatawill be comparedto theoreticalpredictionsof the close-
couplingR-matrix(CCR)anddistorted-wave(DW) approaches.

Dipole-Allowed Transitions

The2s � 2p transitionin Li-lik e C��� hasbeeninvestigatedin two differentcrossed-
beamsfluorescenceexperiments[7,13] asshown in Fig. 3. In addition,the transition
wasstudied[14] with theMEIBEL technique,with theresultsalsoshown in Fig. 3. The
theoreticalpredictionsof both Burke [15], a 9-stateCCR calculation,andClark et al.
[16], a DW calculation,areshown convolutedwith 0.17eV and1.7 eV FWHM Gaus-
siansrepresentingthe energy distributionsof Bannisteret al. [14] andSavin et al. [7],



6 7 8 9 10 11 12
E nergy (eV )

-2

0

2

4

6

8

10

C
ro

ss
 S

ec
tio

n 
(1

0 
-1

6  
cm

 2  
)

e  +  C
3+  (2s

  2
S ) → e  +  C

3+  (2p 
2
P )

FIGURE 3. Crosssectionsfor electron-impactexcitationof the2s � 2p transitionin C��� . Thecircles

representtheMEIBEL resultsof Ref. 14 andthetrianglesandsquaresthecrossed-beamsresultsof Refs.

13 and7, respectively, with relative error barsat the 90% confidencelevel. The outererror barson one

pointin eachsetrepresentthetotalexpandeduncertainty. Thesolidcurvesarethe9-stateCCRcalculations

of Ref. 15convolutedwith 0.17eV and1.7eV FWHM Gaussiansrepresentingtheenergy distributionsof

Refs. 14 and7, respectively. ThedashedcurvesaretheDW resultsof Ref. 16 convolutedwith thesame

two Gaussians.

respectively. Thereis goodagreementbetweenboth calculationsandthe experimental
dataof Gregory andco-workers[13] andof Bannisteret al. [14], but themeasurements
of Savin et al. [7] lie about !#"#� below the otherdatasets,barelywithin the limits of
their total experimentaluncertainty.

TheMEIBEL techniquewasalsousedto measurecrosssections[17] for excitationof
the3s��� S � 3s3p� Ptransitionin Ar ��� asshown in Fig. 4. The8-stateCCRcalculations
of Griffin et al. [1] andtheDW calculationsof Clark et al. [16], convolutedwith a 0.24
eV FWHM Gaussianrepresentingtheexperimentalenergy distribution, arealsoshown
in Fig. 4. Thereis excellentagreementbetweenall threesetsof datafor this transition.
The CCR theoryincludessomeresonancesnear22.7eV, but their contributionsareso
smallthattheenhancementis only asmallfeatureontheconvolutedcurvethatis smaller
thantherelative uncertaintiesof themeasurements.Themeasurementof this transition
alsoservesto establishtheabsoluteenergy scaleof theexperiment,which is crucialfor
themeasurementof thespin-forbiddentransitionin Ar ��� discussedbelow.
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FIGURE 4. Crosssectionsfor electron-impactexcitationof the3s
�� S � 3s3p � Ptransitionin Ar 
�� . The

circlesaretheMEIBEL resultsof Ref. 17 with relative errorbarsat the90%confidencelevel. Theouter

barson thepoint at 21.75eV representthetotal expandeduncertainty. Thesolid curve is the8-stateCCR

calculationof Ref. 1 convolutedwith a 0.24eV FWHM Gaussianrepresentingthe experimentalenergy

distribution. Thedashedcurve is theDW calculationof Ref. 16 convolutedwith thesameGaussian.

For thetwo dipole-allowedtransitionspresentedabove,dielectronicresonancesmake
veryminorcontributionsto theexcitationcrosssectionin thenear-thresholdregion. This
is not thecasefor the 3s�$� S � 3s3p� P transitionin Si��� , aspredictedby the12-state
CCR calculationof Griffin et al. [1]. Dielectronicresonancesin this transitionmake
significantcontributionsasshown in Fig. 5. Thereis reasonableagreementbetweenthe
MEIBEL results[18] andtheconvolutedCCRcurve abouttheaveragevalueof theex-
citationcrosssection,but theexperimentaldatashow asharperdropfrom thepeakcross
section,perhapsdueto a resonancejust above thresholdnot predictedby theory. There
is alsodisagreementaboutthemagnitudeof theresonancestructurepredictednear11.7
eV. TheDW resultsof Clark et al. [16] overestimatethenon-resonantcrosssectionby a
factorof nearlytwo anddonot includeany resonancecontributions.Thedataemphasize
thedifficulty thatab initio calculationshave in predictingcrosssectionsin thepresence
of significantresonancecontributions,evenfor this dipole-allowedtransition. Interfer-
encebetweennearbyresonancesmay accountfor someof the differencesbetweenthe
measuredcrosssectionsand thosepredictedby the CCR method. Ongoingmeasure-
ments[19] using the crossed-beamsfluorescencetechniquecould shedmore light on
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FIGURE 5. Crosssectionsfor electron-impactexcitationof the3s
%� S � 3s3p � Ptransitionin Si
�� . The

circlesaretheMEIBEL resultsof Ref. 18 with relative errorbarsat the90%confidencelevel. Theouter

barson thepoint at 10.7eV representthetotal expandeduncertainty. Thesolidcurve is the12-stateCCR

calculationof Ref. 1 convolutedwith a 0.24eV FWHM Gaussianrepresentingthe experimentalenergy

distribution. Thedashedcurve is theDW calculationof Ref. 16 convolutedwith thesameGaussian.

this discrepancy.

Spin-Forbidden Transitions

Sincethenon-resonantcontributionsareusuallysmall for spin-forbiddentransitions,
the crosssectionsare often dominatedby dielectronicresonancesasdiscussedin the
introduction.This is clearlydemonstratedby theexperimentalexcitationcrosssections
[18] for the 3s��� S � 3s3p � P transitionin Si��� that areshown in Fig. 6 alongwith
separate12-stateCCR calculationsof Baluja et al. [20] and Griffin et al. [1], which
areeachconvolutedwith a Gaussianof 0.24eV FWHM representingtheexperimental
energy distribution. Thereis very goodagreementbetweenthethreesetsof dataon the
large resonancepeaknear6.7 eV that dominatesthe non-resonantcontributionsto the
crosssectionby almostanorderof magnitude.Ion energy limitationsof theexperiment
preventedmeasurementsbeyond7.6eV sothatthesecondresonancepeakpredictedby
theorycouldnotbeinvestigated.

Experimentalexcitationcrosssections[17] for the3s�&� S � 3s3p� Ptransitionin Ar ���
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FIGURE 6. Crosssectionsfor electron-impactexcitationof the3s
%� S � 3s3p� Ptransitionin Si
�� . The

circlesaretheMEIBEL resultsof Ref. 18with relativeerrorbarsata90%confidencelevel. Theouterbars

on thepointat6.9eV representthetotalexpandeduncertainty. Thecurvesareconvolutionsof aGaussian

(0.24eV FWHM) with CCRcalculationsfrom Ref. 1 (solid) andRef. 20 (dash-dot).

arealsodominatedby dielectronicresonances,aspredictedby the 8-stateCCR calcu-
lationsof Griffin et al. [1] shown in Fig. 1. The measurementsareshown in Fig. 7
alongwith the CCR calculations[1] convolutedwith a Gaussianof 0.24 eV FWHM.
Thecalculationagreesverywell with theexperimentfor theresonancefeaturenear15.5
eV. Theagreementfor thepeaknear14.4eV is not good,indicatingthat thetheoryhas
difficulty calculatingthepreciseenergiesof thecontributing resonancesandtheir inter-
ference. Comparisonof the CCR predictionswith thoseof the independent-processes
isolated-resonancedistorted-wave (IPIRDW) approximation[21], which neglectsinter-
actionsbetweenresonances,shows thatthelower-energy peakis stronglyinfluencedby
interferenceeffectsin theCCRcalculation.

CONCLUSIONS

The MEIBEL techniqueis a powerful tool [22] for investigatingnear-threshold
electron-impactexcitationof ions,particularlyfor forbiddentransitionswhich arecom-
monly dominatedby dielectronicresonances.Both theclose-couplingR-matrix (CCR)
anddistorted-wave (DW) methodsarefairly successfulin predictingcrosssectionsfor
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FIGURE 7. Crosssectionsfor electron-impactexcitationof the3s
�� S � 3s3p� Ptransitionin Ar 
�� . The

circlesarethe MEIBEL resultsof Ref. 17 with relative error barsat a 90% confidencelevel. The outer

barson thepoint at 14.52eV representthetotal expandeduncertainty. Thesolidcurve is a convolutionof

a Gaussian(0.24eV FWHM) with CCRtheoryfrom Ref. 1.

dipole-allowed transitionsin the absenceof significantresonancecontributions. The
agreementbetweenexperimentand theory is not asgoodwhenresonancesdominate,
andvariesgreatlyevenfor differentresonancesin thesametransition. Thepresentex-
perimentalcrosssectionsserve ascrucial benchmarksfor the close-couplingR-matrix
theoryandindicatethatsomerefinementsarerequiredfor thecalculationsto accurately
reproducetheresonancepositionsandcrosssectioncontributions.
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