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Abstract

Absolutetotal crosssectionsfor electron-impactsingle ionization of Ne� �����
	
�
�����
�
�

ionshave beenmeasuredusingacrossed-beamstechniquefrom below the

ground-stateionizationthresholdto 800eV with typical total uncertaintiesnearthe

peakof thecrosssectionsrangingfrom �
� for Ne� � to �
�
� for Ne� � . Detailsof

the apparatusandexperimentalproceduresusedin this study arepresentedalong

with adiscussionof theexperimentaluncertainties.Themeasuredcrosssectionsfor

all four ionsaredominatedby direct ionizationandarein excellentagreementwith

the Lotz semiempiricalformula. Ionizationratecoefficientsandfitting parameters

calculatedfrom themeasuredcrosssectionsarealsoreported.

PACSnumber(s):34.80.Kw
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I. INTRODUCTION

Theneedfor atomicdatato supportfusionresearchhasresultedin a wealthof crosssections

for electron-impactionizationof ions [1]. Surprisingly, therehave beenfew reportsof absolute

electron-impactionizationcrosssectionmeasurementsfor multichargedneonions. Experimental

crosssectionsfor only Ne� � [2,3], Ne� � [4], andNe� � [5] have beenpublished.Ionizationcross

sectionsfor neonarecritical in modelinganddiagnosingtheITER tokamaksinceneonis aprime

candidateimpurity for radiationpower exhaustionin thedivertor [6]. Neonhashigherradiation

emissionratesthanlower-Z speciessuchasBe andC, anda higherimpurity fractionof Ne can

exist in an ignited plasmathanof higher-Z impuritiessuchasAr. This paperpresentsabsolute

total crosssectionsfor electron-impactionizationof Ne� � for ��� �"!$#%!$&%!(' .
TheionizationcrosssectionsreportedhereweremeasuredusingtheOakRidgeNationalLab-

oratory(ORNL) electron-ioncrossed-beamsapparatus.Theexperimentalresultsarecomparedto

previousmeasurementsandcalculationswhereavailable.Comparisonsto theLotz [7] semiempir-

ical formulaandto datarecommendedby Lennonet al. [8] arealsomade.

II. EXPERIMENT

TheexperimentalmethodandORNL crossed-beamsapparatushave beendescribedin detail

elsewhere[9], but numerouschangessincethat time make an updateddescriptionnecessary. A

schematicdrawing of theapparatusis shown in Fig. 1. Theproduction,transport,andmeasure-

mentof theincidention andelectronbeamswill bediscussedin thefirst sectionbelow. Thenext

sectionswill detail theproceduresusedfor measuringabsolutecrosssectionsandtheassociated

experimentaluncertainties.

A. Ion and electron beams

Neon ions are extractedfrom the ORNL electron-cyclotron-resonance(ECR) ion sourceat

10 kV andmassanalyzedby a )"*,+ bendingmagnet. The ion sourceis typically operatedwith
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20-50W of microwave power anda gaspressureof about10-/. Pa (10- � Torr) in the ECR re-

gion. For theseexperiments,both ��0 Neand��� Neisotopeswereusedin orderto eliminatepossible

errorsdueto impurity ions with the samemass-to-charge ratios. Crosssectionsmeasuredwith

thetwo isotopeswereindistinguishablewithin theexperimentaluncertainties,indicatingthat ion

beamimpuritieswerenegligible. Theion beamis charge-purifiedby anelectrostaticparallel-plate

analyzerjust upstreamof the collision volume(seeFig. 1). This eliminatesany ions that have

undergonecharge exchangein the several-meterbeamlinebetweenthe massanalyzingmagnet

andthechargepurifier. The ionsenterthemagneticallyshieldedcollision volumethrougha 0.5

cm wide by 1.0 cm high apertureandarecrossedperpendicularlyby the electronbeam. Upon

exiting thecollisionvolumethroughanother0.5cmby 1.0cmaperture,theproductNe1 � �32�45� ions

areseparatedfrom the primary Ne� � ion beamby a double-focusingmagnet.The productions

aremagneticallydeflectedhorizontally through )"* + andthenaredeflectedvertically )"* + out of

theplaneof themagneticdispersionby anelectrostaticcurved-plateanalyzerandontoa channel

electronmultiplier. This analyzer(verticaldeflector)is shown in theplaneof Fig. 1 for easeof

presentationonly. The positionof the productions in the detectorplanecanbe adjustedin two

dimensionsusing the curved-plateanalyzeranda final horizontaldeflectorlocatedbetweenthe

magnetandtheanalyzer.

The primary neonions arecollectedby oneof threeFaradaycups(two aremovable)shown

in Fig. 1. The charge ratio of the primary andproductions determineswhich cup is usedand

its position. For the Ne� � measurements,the first (fixed) Faradaycup wasused;for the other

measurements,themiddleFaradaycupwasused.TheNe� � ion currentmeasurementswerecor-

rectedto accountfor incompleteion currentcollectionandlackof secondaryelectronsuppression

by the fixed Faradaycup. The ratio of true ion current(asmeasuredin the middle Faradaycup

with secondaryelectronsuppression)to thecurrentmeasuredin thefixedcuprangedfrom 1.06to

1.19in thepresentexperiments.Typical ion beamcurrentsranged6(*"*�78�/&"* nA for ��� Ne� � and

*%9:);7<6$9:&$= A for ��0 Ne� � .
Theelectronbeamis generatedasfollows. An immersionlensdraws electronsfrom anindi-

rectly heatedcathodeinto a focusanda cylinder-aperture(rectangulargeometry)lensmakesthe

3



beamparallel[10]. Thegun,collision volumeandcollectoraremagneticallyshieldedto reduce

fieldsin theseregionsto lessthan40mG.After passingthroughthecollisionvolume,theelectrons

aredrivenby atransverseelectricfield ontoacollectorplatecoveredwith metal‘honeycomb.’ The

electroncurrentto thebox surroundingthecollision volumeis lessthan 6(> of thetotal collector

electroncurrent.For electronenergieslessthan150eV, a fractionof theelectroncurrentpassing

throughthecollision volumestrikesa groundedshieldingelectrodebetweenthecollision volume

and the collector. The measuredelectroncurrentis taken to be the sumof the currentsto the

collectorandtheshieldsincebeamprofile measurementsdemonstratethatsomeof theelectrons

striking thisshieldpassthroughtheion beam.Theelectronbeamis choppedat1 kHz duringdata

acquisitionby applyinga &/*"> -duty-cycle square-wave voltageto the extractionelectrodeof the

gun.

Thedifferentialdistributions(profiles)of theelectronandion beamsin thedirectionperpen-

dicular to bothbeams(that is, in theverticaldirection),denotedby ?A@CBED/F and ?HGIBJD/F , respectively,

aremeasuredusinga stepping-motor-drivenL-shapedbeamprobewith coplanarslits, each0.15

mm wide. Typical beamprofilesareshown in Fig. 2. Combinationsof thesecurrentprofilesare

integratednumericallyto obtainthe ‘form factor’ K , thegeometrictermquantifyingtheoverlap

of thetwo beams[10], calculatedby

KL� ?A@CBEDCFIM,D ?AGABED/FAM,D
?A@CBEDCFI?AGABED/FAM,D 9 (1)

B. Diagnostics

Elimination of any spurioussourcesof apparentsignal is crucial for accuratelydetermining

absoluteionizationcrosssections.Sincethebackgrounddetectorcountsarisepredominantlydue

to the ion beam,with a smallcontribution from detectordarkcounts,ion beamtuning is critical.

Thetwo majorsourcesof spurioussignalin thisexperimentbothresultfrom modulationof theion

backgroundby thechoppedelectronbeam.Thefirst, pressuremodulation,canoccurbecausethe

intenseelectronbeamcausesanincreasein thebackgroundgaspressurein thecollision volume,
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thus increasingthe numberof ions strippedon the backgroundgas. This effect is eliminated

by using a sufficiently high choppingfrequency, in this case1 kHz, in order that the pressure

doesnot vary over onechopperiod. In addition, the electrongun is left on overnightat a few

hundredeV to keepthe surfacesin the gun and collector de-gassed.The electroncollector is

alsoheatedcontinuouslyby current-carryingnichromewireslocatedbelow thecollectorplateand

‘honeycomb.’ The secondsourceof spurioussignal is modulationof ion backgroundresulting

from asmallfractionof theprimaryion beamstrikingagroundshieldin front of theFaradaycup.

Propertuning of the ion opticsupstreamof the collision volumereducesthe ion currentto this

shieldto lessthan0.1nA sothatany apparentsignalproducedis negligible comparedto thereal

ionizationsignal.

After the ion optics upstreamof the collision box are optimizedfor maximumcurrentand

minimum background,the downstreamopticsareadjustedto assurefull collectionof the prod-

uct ions. The analyzermagnetis set approximatelyby steeringthe primary ion beaminto the

straight-throughFaradaycup (seeFig. 1) with the other downstreamoptics off and thenscal-

ing themagneticfield down by theratio of theparent-to-productchargeratio so that theproduct

ionsarenow deflectedthrough )/* + . Thenthedownstreamopticsareturnedon andthesignalis

measuredat a particularelectronenergy asthemagneticfield is variedin small steps.A typical

resultingscanis shown in Fig. 3(a) for ionizationof Ne� � at an electronenergy of 500eV. The

magneticfield is chosenin themiddleof theflat peakof thescan.Oncetheoptimummagneticfield

is determined,thevoltageon thecurved-plateanalyzeris variedwith theotherdownstreamoptics

heldconstant.Figure3(b) shows a typical scanover thecurved-plateanalyzervoltage.Next, the

optimumvoltagefor thefinal horizontaldeflectoris determined,asillustratedby theexamplein

Fig. 3(c). Theflat peakson thethreedownstreamopticsscansindicatethat full collectionof the

productionshasbeenachieved.

The final diagnosticperformedis the measurementof the signalpulsetransmissionthrough

thedetectorelectronics.With 2.8 kV appliedto thechanneltronandanamplifiergainof 50, the

pulseheight distribution (PHD) is measuredby varying the lower limit of a ‘voltage-window’

discriminatorin smallstepsandmeasuringthenetsignal.A typical resultis shown in Fig. 3(d) for
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Ne� � ionizationat500eV. Extrapolationof thenetsignalto zerodiscriminatorsettingdetermines

thetruesignal;thepulsetransmissionis theratioof thesignalat thediscriminatorsettingusedfor

theexperiment(in this case,0.3V) to thetruesignal.Thepulsetransmissionwasestimatedto be

between0.98and1.00 for the presentexperiments.No correctionsweremadeto the measured

crosssectionsto accountfor anon-unitypulsetransmission;however, uncertaintyin this quantity

wasincludedin theabsoluteuncertaintyof themeasurementsasdiscussedbelow.

C. Absolute cross sections and uncertainties

Theabsolutecrosssectionsaredetermined[11] from themeasurementsusing

N BJOPFQ�
R
?HG�?A@

�CS �IT G T @
T �GVU T �@

KW ! (2)

where N BJOPF is theabsolutecrosssectionat thecenter-of-masselectron-impactenergy O ,
R

is the

production count rate, ?AG and ?A@ are the incident ion andelectroncurrents,�XS is the charge of

the incidentions, T G and T @ arethe incidention andelectronvelocities, K is the form factorthat

is determinedfrom the two beamprofiles,and
W

is the channeltrondetectionefficiency for the

productionsthatweestimatedto be )"Y/> [4].

Thecomponentsof theabsoluteuncertaintyfor themeasurementsaregivenin TableI atalevel

equivalentto a )"*"> -confidencelevel for statisticaluncertainties.Thedominantcontributionscome

from thetransmissionof productionsto thedetector, production detectionandpulsetransmission,

andmeasurementof absoluteform factors. A detaileddiscussionof eachof thesesourceshas

beengivenpreviously [9]. Althoughsomeof thevalueshave beenrecentlyadjusted,thegeneral

discussionin this referenceis still valid. The quadraturesum of thesecomponentsis Z[Y%9:�"> .

Combiningthis sumwith the total relative uncertaintiesat a )"*"> -confidencelevel (two standard

deviations)yieldsthetotaluncertaintyfor themeasurements,shown in parenthesesin TablesII-V.

The error barsshown in the figuresare relative uncertaintiesonly and are displayedat the

one-standard-deviation level. The relative uncertaintiesarethe quadraturesumof the statistical

uncertaintiesanda �"> contribution from form factorvariations.Theserelative uncertaintiesare

alsogivenin TablesII-V at theone-standard-deviation level.
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III. RESULTS

The experimentalresultswill be discussedin separatesectionsfor eachof the charge states.

However, somediscussionthat is commonto all four charge statesis moreconvenientlygiven

here. For eachof the ions, experimentalcrosssectionswill be comparedto the one-parameter

Lotz semiempiricalformula [7], exceptfor Ne� � wherethe three-parameterform is used,andto

therecommendedcrosssectionsgivenin thecompilationof Lennonet al. [8]. Few experimental

ionizationcrosssectionshave beenreportedfor multichargedneonions. For Ne� � , researchers

at Nagoya have publishedcrossedbeamsresults[2,3] andHastedet al. [12,13] trappedion mea-

surements.Only theelectronbeamion source(EBIS) measurementsof DonetsandOvsyannikov

[14] for energiesgreaterthan3 keV have beenreportedfor ionizationof the otherthreecharge

states. The presentcrosssectionsare also comparedto scaledmeasurementsfor isoelectronic

multichargedions.

Theoreticalcrosssectionsarelikewisescarcein the literature. Jakubowicz andMoores[15]

publisheddistortedwavecalculationsfor Ne� � . Salop[16] calculatedcrosssectionsin thebinary-

encounterapproximation(BEA) for thefour ionsdiscussedin this paper, but his resultsoveresti-

matethepeakcrosssectionsby \"*]7^&"*/> andfall off fasterwith energy thantheBorn approxi-

mation BJ_5`aOcb"O[F .

A. Ne� �

Measuredabsolutetotal crosssectionsfor electron-impactsingleionizationof Ne� � from 56

eV to 800 eV areshown in Fig. 4 with the thresholdregion displayedin the inset. The solid

circlesrepresentthepresentmeasurementsandtheopentrianglestheresultsof Matsumotoet al.

[3] Also presentedis asolid line representingthethree-parameterLotz semiempiricalformula[7]

for direct ionizationof the �%d � �$e%. groundconfiguration,anda dashedline representingthecross

sectioncurverecommendedin thecompilationof Lennonet al. [8] andbasedonthedataof Danjo

et al. [2]. Thepresentexperimentaldataarealsogivenin TableII; the total uncertaintynearthe

peakof thecrosssectionis typically )"> .
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The presentmeasurementsarein reasonableagreementwith the resultsof Matsumotoet al.

[3] and with the Lotz semiempiricalformula, exceedingboth by lessthan 6(*"> nearthe peak

andbeingdominatedby direct ionization. The only significantdifferencebetweenthe two sets

of experimentaldatais that the presentdatafall off as BJ_5`�OPb"OPF above 400 eV while the data

of Matsumotoet al. decreasesmore slowly. As shown in the inset of Fig. 4, zero measured

crosssectionsbelow thegroundstateionizationthreshold[17] of 63.45eV indicateanabsenceof

metastableionsin theprimaryNe� � ion beam.

The presentdataarealsocomparedin a Betheplot (Fig. 5) to resultsfor Si� � reportedpre-

viously [18]. The scaledexperimentalcrosssectiontimesthe scaledelectronenergy is plotted

versusthe logarithmof thescaledelectronenergy. This scalingis commonlyusedfor predicting

ionizationcrosssectionsfor a givenion basedon existingdatafor isoelectronicions.Both curves

arealmostlinear, asindicatedby theleast-squaresfit linesin Fig. 5, but theslopeof theSi� � data

is about &/*"> largerthanthatfor theNe� � data.

B. Ne. �

Figure6 illustratesthe measuredcrosssectionsfor Ne. � from 120 eV to 800 eV, andagain

theexperimentalresultsarealsopresentedin TableIII. Thetotal uncertaintynearthepeakof the

crosssectionis typically 6(*"> . The solid anddashedcurvesarethe Lotz semiempiricalformula

for direct ionizationof thegroundstateandtherecommendeddataof Lennonet al. [8] basedon

scalingof O� � calculations,respectively.

TheagreementbetweenthepresentmeasurementsandtheLotz formulais quitegood,differ-

ing by only a few percentnearthe peakand lying well within the total uncertainty. The curve

recommendedby Lennonet al. underestimatesthecrosssectionby 6(*]7f6�&"> nearthepeak,but

agreeswell with themeasurementsnearthreshold,asshown in theinsetof Fig. 6. Thesmallcross

sectionsmeasuredbelow thegroundstatethreshold[17] of 126.21eV suggestthata few percent

of theNe. � ion beamcouldhavebeenin ametastablestate,but thestatisticaluncertaintiesof these

pointsmakea reasonableestimateof themetastablefractionimpractical.
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The Betheplot of Fig. 7 comparesthe presentresultswith scaledcrosssectionsfrom prior

measurementsonO� � [19]. Thecurvesarealmostidentical,with theNe. � datajusta few percent

higherover mostof theenergy rangeof themeasurements.This is onecasewherescalingof the

ionizationcrosssectionsyieldsverygoodagreementbetweenthedata.

C. Neg �

Themeasuredcrosssectionsfor ionizationof Neg � from 150eV to 800eV areshown in Fig.

8 andalsogivenin TableIV. Thesolid curve representstheLotz formulaandthedashedcurve is

recommendedby Lennonet al. [8] basedon scalingcalculationsfor O� � . The total uncertainty

for thepresentdatais typically 6"6(> nearthepeakof thecrosssection.

The measurementsagreevery well with the Lotz predictionover mostof the energy range

exceptnearthreshold(seetheinsetof Fig. 8) wheretheexperimentalresultsaresomewhathigher.

The peakcrosssectionis identical to the Lotz formula andonly a few percenthigher than the

recommendedcurveof Lennonet al. Thezerocrosssectionbelow thegroundstatethreshold[17]

of 157.93eV indicatetheabsenceof metastableionsin theNeg � beam.

Figure9 showsaBetheplot of thepresentdataalongwith measurementsfor ionizationof N� �
[20] andO� � [21]. Thescalingis excellentover therangeof theneonmeasurementsasthethree

curvesarenearly indistinguishable.It is interestingto note that althoughno metastableswere

apparentin theN� � andNeg � ion beamsextractedfrom theORNL ECRion source,a metastable

fractionof about 6('"> wasestimatedfor theO� � ion beamextractedfrom theold ORNL Penning

ion gauge(PIG) ion source[22]. Furtherdataareneededto determinewhetherthis differencein

metastablefractionsis dueto thesourcesusedor to thedetailsof atomicstructureandpopulation

dynamicsfor thedifferentspecies.

D. Ne� �

TableV lists themeasuredcrosssectionsfor Ne� � from 180eV to 800eV with relativeuncer-

taintiesat theone-standard-deviation level andtotal uncertaintiesgiven in parenthesesat a level
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equivalent to )"*"> -confidencefor the statisticaluncertainties.The total uncertaintyis typically

6(\"> nearthepeakof thecrosssection.The presentdataarealsoshown in Fig. 10 with a solid

curve representingtheLotz formulafor directionizationof the �%d � groundstateandadashedline

representingtherecommendationof Lennonet al. [8] basedon thedistorted-wavecalculationsof

Jakubowicz andMoores[15] for Ne� � .
Unlikethemeasurementsfor theotherthreeneonions,theexperimentalresultsfor Ne� � agree

betterwith therecommendedcurve thantheLotz formulafor energiesabove 400eV. Below 400

eV, theLotz predictionis closer. No metastableswerefoundin theion beam,asevidencedby the

zerocrosssectionsbelow the207.27eV groundstatethreshold[17].

A comparisonof thepresentmeasurementswith thosefor ionizationof otherisoelectronicions

[23] is shown in the Betheplot of Fig. 11. Thescaledcrosssectionsfor Ne� � arein very good

agreementwith thosefor C� � andN� � , but 6(*h7i6(&"> lowerthanthescaledcrosssectionsfor O. � .
It shouldbenoted,however, it wasestimatedthatabout)"*"> of theionsin theC� � , N� � , andO. �
experimentswerein metastablestateswhenextractedfrom theORNL PIG source.As remarked

previously, it is notclearwhetherthedifferencein metastablefractionsbetweenthepresentresults

andthe older onesis dueto usingdifferenttypesof ion sourcesor dueto atomicphysicsof the

different ions. Onemight expect that sincethe ECR ion sourcehasa higher averageelectron

temperatureit wouldproducemoremetastables,but thetrendshown hereis just theopposite.

IV. RATE COEFFICIENTS

For many applicationssuchasplasmamodeling,it is usefulto reportMaxwellianratecoeffi-

cientsfor theprocessinvestigated.TableVI listsratecoefficientscalculatedfrom ourpresentcross

sectionmeasurementsusinga methoddescribedelsewhere[24] with themeasureddataextrapo-

latedto high energiesusing BJ_5`�OPb"OPF . In addition,the ratecoefficientswerefit with Chebyshev

polynomialsof thefirst kind jlkmB:noF to enabletheuserto calculatethemfor any temperaturein the

range10g K pqjrp 10s K:
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t B:j[Fu�qj 2wv � S -"x v�yIz
k
{I| 0
} { j { B:noF (3)

where ? is the ionizationpotential. The coefficients } 0�~
~
~ } s given in TableVII reproducethe

ratecoefficientsto within 1% over thegiventemperaturerange.Theratecoefficient t B�j[F canbe

expressedsimplyas

t B:j[Fu� 6� j
2wv � S -"x v�yIz BE� 0 7�� � F (4)

with thecoefficients � 0 and � � calculatedusingClenshaw’salgorithm[25]:

� { �^�$n�� { �32 7�� { � � U } { � �^*%!%6$!(��9$9�9�Y (5)

where �����L� 2 0 �L* andthereducedenergy n is givenby

n�� _��/� 2 0 j�7q'%9:&6$9:& 9 (6)

The presentresultsagreevery well with publishedratemeasurementsfor Neg � . Datla and

Roberts[26] reporteda ratecoefficient of 6$9:*"Y��L6(* - 2 0 cm� /s at 55 eV andSchmidtet al. [27]

measured�%9:)���6(*%- 2 0 cm� /sat80eV. Thepresentresultsare 6$9E6(*���6(*%- 2 0 cm� /sand �%9:)"����6(*%- 2 0
cm� /s at 55 eV and80 eV, respectively. Theagreementis not sogoodfor the ionizationof Ne� �
however. At 55 eV, thepresentresultis �%9E6('P�q6(* - 2�2 cm� /s with DatlaandRoberts[26] reporting

avalueof \%9:Y���6(* - 2�2 cm� /s. At 100eV, thepresentresultis 6$9:\"\���6(* - 2 0 cm� /sversus6$9:Y���6(* - 2 0
cm� /s measuredby Schmidtet al. [27] This discrepancy maybedueto theabsenceof metastable

Ne� � ionsin thepresentexperimentandtheirpresencein thedirectratecoefficientmeasurements

[26,27].

V. SUMMARY

Absolutetotalcrosssectionsfor electron-impactsingleionizationof Ne� � (q= 2,4-6)ionswere

measuredusing the ORNL crossed-beamsapparatus,with typical total uncertaintiesof ranging

from )"> for Ne� � to 6(\/> for Ne� � . Crosssectionsfor all four ions are dominatedby direct

processesandin goodagreementwith thepredictionsof theLotz semiempiricalformulaaswell
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asthe datarecommendedby the datacompilationof Lennonet al. [8]. The Ne� � resultswere

alsoin goodagreementwith the measurementsof Matsumotoet al. [3]. The measurementsfor

theotherthreeionswerecloseto thosefor otherisoelectronicmultichargedionswhencompared

on a Betheplot. Only the Ne. � resultssuggestedthe possiblepresenceof a small fraction of

metastablesin theincidention beam.
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TABLES

TABLE I. Absoluteuncertainties.All uncertaintiesare at a high confidencelevel (equivalent to a
�
�
� -confidencelevel on thestatisticaluncertainties).Thesearecombinedwith total relative uncertainties
ata �
�
� -confidencelevel to yield thetotaluncertaintiesof themeasurements.

Source Uncertainty
� � �

Production detectionandpulsetransmission � 5
Transmissionof productionsto detector � 4
Absolutevalueof form factor � 4
Ion currentmeasurement � 2
Electroncurrentmeasurement � 2
Ion velocity � 1
Electronvelocity � 1

Quadraturesum � 8.2
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TABLE II. Experimentallymeasuredabsolutetotalcrosssectionsfor electron-impactsingleionization
of Ne� � . Therelative uncertaintiesareat theone-standard-deviation level; thetotal uncertainties(givenin
parentheses)areatahigh confidencelevel correspondingto �
�
� confidencefor therelative uncertainties.

E �
(eV) (10- 2 s cm� )
56.0 1.47 � 0.71 (1.42)
60.9 0.12 � 0.59 (1.19)
62.9 0.48 � 0.50 (1.00)
63.9 0.39 � 0.51 (1.01)
64.9 0.27 � 0.47 (0.95)
65.9 1.43 � 0.44 (0.90)
70.9 4.18 � 0.59 (1.23)
80.9 7.09 � 0.45 (1.08)
90.9 9.75 � 0.40 (1.13)

100.8 11.78 � 0.30 (1.14)
110.8 13.40 � 0.34 (1.29)
125.7 14.86 � 0.33 (1.39)
150.6 16.95 � 0.36 (1.57)
175.4 17.20 � 0.38 (1.60)
200.3 17.88 � 0.39 (1.66)
225.4 18.12 � 0.40 (1.69)
250.4 18.50 � 0.40 (1.72)
275.4 18.18 � 0.41 (1.70)
300.4 18.12 � 0.38 (1.67)
325.5 17.39 � 0.41 (1.65)
350.6 17.37 � 0.37 (1.61)
375.7 16.53 � 0.38 (1.56)
400.6 16.70 � 0.35 (1.54)
450.6 16.18 � 0.37 (1.52)
500.6 15.85 � 0.37 (1.49)
550.7 14.69 � 0.37 (1.41)
600.8 14.20 � 0.31 (1.32)
700.9 13.28 � 0.34 (1.28)
800.9 11.92 � 0.34 (1.19)
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TABLE III. Experimentallymeasuredabsolutetotalcrosssectionsfor electron-impactsingleionization
of Ne. � . Therelative uncertaintiesareat theone-standard-deviation level; thetotal uncertainties(givenin
parentheses)areatahigh confidencelevel correspondingto �
�
� confidencefor therelative uncertainties.

E �
(eV) (10- 2 s cm� )

110.5 0.14 � 0.29 (0.58)
115.5

�
0.07 � 0.32 (0.64)

120.8
�

0.07 � 0.17 (0.35)
123.3 0.26 � 0.19 (0.38)
125.8 0.24 � 0.16 (0.31)
128.3 0.32 � 0.20 (0.40)
130.8 0.43 � 0.13 (0.26)
136.0 1.17 � 0.28 (0.57)
141.0 1.30 � 0.17 (0.37)
145.9 1.46 � 0.32 (0.64)
151.0 1.95 � 0.20 (0.43)
155.9 1.81 � 0.22 (0.47)
160.8 2.38 � 0.14 (0.35)
170.7 2.66 � 0.21 (0.46)
180.7 2.84 � 0.18 (0.43)
190.6 3.14 � 0.19 (0.45)
200.7 3.34 � 0.09 (0.33)
225.7 3.52 � 0.17 (0.44)
250.7 3.56 � 0.17 (0.44)
275.7 3.68 � 0.16 (0.43)
300.8 3.94 � 0.14 (0.43)
325.8 3.87 � 0.14 (0.42)
350.8 4.06 � 0.13 (0.42)
375.9 3.93 � 0.15 (0.43)
400.8 4.12 � 0.12 (0.41)
425.7 4.07 � 0.14 (0.44)
450.8 4.01 � 0.14 (0.43)
475.8 4.06 � 0.12 (0.42)
500.6 3.98 � 0.11 (0.40)
550.7 3.76 � 0.11 (0.38)
600.7 3.61 � 0.15 (0.42)
650.6 3.48 � 0.16 (0.43)
700.6 3.52 � 0.14 (0.40)
750.5 3.22 � 0.13 (0.37)
800.3 2.91 � 0.10 (0.32)
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TABLE IV. Experimentallymeasuredabsolutetotalcrosssectionsfor electron-impactsingleionization
of Neg � . Therelative uncertaintiesareat theone-standard-deviation level; thetotal uncertainties(givenin
parentheses)areatahigh confidencelevel correspondingto �
�
� confidencefor therelative uncertainties.

E �
(eV) (10- 2 s cm� )

145.9 0.05 � 0.09 (0.19)
151.0

�
0.02 � 0.07 (0.13)

156.0 0.01 � 0.08 (0.15)
158.4 0.03 � 0.09 (0.19)
160.9 0.17 � 0.07 (0.14)
166.0 0.27 � 0.07 (0.14)
171.0 0.46 � 0.08 (0.16)
175.9 0.63 � 0.08 (0.18)
201.0 0.87 � 0.06 (0.14)
225.9 1.11 � 0.09 (0.20)
250.9 1.49 � 0.07 (0.18)
275.9 1.66 � 0.06 (0.19)
301.2 1.69 � 0.06 (0.18)
326.0 1.65 � 0.06 (0.18)
351.1 1.76 � 0.08 (0.21)
376.1 1.84 � 0.07 (0.21)
401.2 1.80 � 0.05 (0.17)
426.2 1.78 � 0.11 (0.26)
451.1 1.79 � 0.07 (0.21)
476.2 1.67 � 0.10 (0.24)
501.2 1.74 � 0.05 (0.18)
551.0 1.73 � 0.07 (0.20)
601.2 1.71 � 0.05 (0.17)
651.3 1.59 � 0.05 (0.17)
701.3 1.55 � 0.05 (0.16)
751.2 1.60 � 0.05 (0.16)
801.2 1.47 � 0.05 (0.15)
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TABLE V. Experimentallymeasuredabsolutetotal crosssectionsfor electron-impactsingleionization
of Ne� � . Therelative uncertaintiesareat theone-standard-deviation level; thetotal uncertainties(givenin
parentheses)areatahigh confidencelevel correspondingto �
�
� confidencefor therelative uncertainties.

E �
(eV) (10- 2 s cm� )

181.3 0.009 � 0.034 (0.068)
201.4 0.016 � 0.022 (0.044)
206.4 0.067 � 0.027 (0.054)
211.4 0.098 � 0.024 (0.049)
216.4 0.125 � 0.025 (0.051)
226.4 0.246 � 0.031 (0.066)
251.3 0.309 � 0.039 (0.083)
276.3 0.466 � 0.035 (0.080)
301.5 0.605 � 0.028 (0.074)
326.6 0.670 � 0.040 (0.098)
351.6 0.696 � 0.028 (0.080)
376.7 0.721 � 0.031 (0.086)
401.7 0.715 � 0.019 (0.070)
451.6 0.664 � 0.026 (0.075)
501.6 0.693 � 0.023 (0.073)
551.6 0.723 � 0.024 (0.076)
601.6 0.715 � 0.025 (0.077)
651.6 0.688 � 0.025 (0.076)
701.6 0.678 � 0.024 (0.074)
751.6 0.679 � 0.023 (0.072)
801.5 0.667 � 0.027 (0.076)
901.3 0.665 � 0.027 (0.076)

1001.4 0.660 � 0.024 (0.072)
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TABLE VI. Maxwellianratecoefficients(in unitsof cm� /s) for theionizationof Ne� � ���V	 �
�������
� at
selectedvaluesof � (in K) calculatedfrom themeasuredcrosssections(seetext).

Electrontemperature Ionizationratecoefficients � (cm� /s)
� (K) Ne� � Ne. � Neg � Ne� �

1.0 � 10g 4.54 � 10- 2 � 1.36 � 10- 2 g 1.32 � 10- 2 � 3.60 � 10- ��0
2.0 � 10g 2.32 � 10- 2 0 2.19 � 10- 2 � 1.49 � 10- 2 � 4.76 � 10- 2 g
4.0 � 10g 1.90 � 10- � 9.84 � 10- 2�2 1.74 � 10- 2�2 2.07 � 10- 2 �
6.0 � 10g 4.03 � 10- � 3.64 � 10- 2 0 8.99 � 10- 2�2 1.67 � 10- 2�2
8.0 � 10g 5.99 � 10- � 7.11 � 10- 2 0 2.08 � 10- 2 0 4.86 � 10- 2�2
1.0 � 10� 7.68 � 10- � 1.07 � 10- � 3.48 � 10- 2 0 9.26 � 10- 2�2
2.0 � 10� 1.29 � 10- s 2.49 � 10- � 9.89 � 10- 2 0 3.43 � 10- 2 0
4.0 � 10� 1.65 � 10- s 3.73 � 10- � 1.66 � 10- � 6.65 � 10- 2 0
6.0 � 10� 1.76 � 10- s 4.15 � 10- � 1.94 � 10- � 8.26 � 10- 2 0
8.0 � 10� 1.78 � 10- s 4.30 � 10- � 2.08 � 10- � 9.14 � 10- 2 0
1.0 � 10� 1.78 � 10- s 4.34 � 10- � 2.14 � 10- � 9.65 � 10- 2 0
2.0 � 10� 1.67 � 10- s 4.16 � 10- � 2.18 � 10- � 1.04 � 10- �
4.0 � 10� 1.48 � 10- s 3.70 � 10- � 2.03 � 10- � 1.01 � 10- �
6.0 � 10� 1.35 � 10- s 3.38 � 10- � 1.90 � 10- � 9.59 � 10- 2 0
8.0 � 10� 1.25 � 10- s 3.15 � 10- � 1.79 � 10- � 9.15 � 10- 2 0
1.0 � 10s 1.18 � 10- s 2.97 � 10- � 1.71 � 10- � 8.77 � 10- 2 0

TABLE VII. Rate-coefficient fitting parameters.All parametersarein unitsof 10- 2 � cm� K - 2wv � s- 2 .
Ratecoefficientsin therange10g K ����� 10s K maybecalculatedusingtheseparametersin aChebyshev
polynomialexpansion,or throughClenshaw’s algorithm(seetext).

Fitting parameter Ne� � Ne. � Neg � Ne� �� 0 185.787 58.4460 24.5603 7.16433� 2 �
80.0547

�
28.9373

�
10.3413

�
1.35526� � �

17.6862
�

0.889595
�

2.40887
�

2.55532� � 20.2390 4.61315 2.77899 1.32380� . �
1.91632

�
0.707830

�
0.473245 0.115278� g �

2.00383
�

0.402223
�

0.119709
�

0.324250� � 0.0786975 0.111143
�

0.0267319 0.115607� � 0.356676 0.00189733 0.0719363 0.0265578� s 0.000000 0.000000
�

0.0247852
�

0.0324881
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Fig. 1 Electron-ioncrossed-beamsexperimentalapparatus.Seetext for anexplanation.
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Fig. 2 Typical ion andelectronbeamprofiles in the interactionregion along the direction
perpendicularto bothbeams.Thesolid curve is a 60 keV Ne� U ion beam;thedashedcurve 500
eV electrons.
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Fig. 3(a) Typical diagnosticscanwith apparentcrosssectionplotted versusexperimental
parametersfor Ne� � at anelectronenergy of 500eV: analyzingmagneticfield.
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Fig. 3(b) Typical diagnosticscanwith apparentcrosssectionplotted versusexperimental
parametersfor Ne� � at anelectronenergy of 500eV: verticaldeflectorvoltage.
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Fig. 3(c) Typical diagnosticscanwith apparentcrosssectionplotted versusexperimental
parametersfor Ne� � at anelectronenergy of 500eV: horizontaldeflectorvoltage.
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Fig. 3(d) Typical diagnosticscanwith apparentcrosssectionplotted versusexperimental
parametersfor Ne� � at anelectronenergy of 500eV: pulsediscriminatorlower-limit voltage.
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Fig. 4 Absolutecrosssectionsasa functionof electron-impactenergy for singleionizationof
Ne� � . Thepresentexperimentalresultsareindicatedby thesolidcircleswith relativeuncertainties
at theone-standard-deviation level. Theopentrianglesarethemeasurementsof Ref. 3. Thesolid
curve is the predictionof the three-parameterLotz formula andthe dashedcurve representsthe
crosssectionsrecommendedin Ref. 8. Theinsetshows thethresholdregion with a linearenergy
scale;theresultsof Ref. 3 areomittedfor clarity.
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Fig. 5 Betheplot of productof scaledelectronimpactionizationcrosssectionstimesreduced
energy versusthe logarithmof the reducedenergy for O-like ions. The circlesare the present
resultsfor Ne� � andthediamondsaremeasurementsfor Si� � from Ref. 17. The linesareleast-
squaresfits to theexperimentalpoints.
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Fig. 6 Absolutecrosssectionsasa functionof electron-impactenergy for singleionizationof
Ne. � . Thepresentexperimentalresultsareindicatedby thesolidcircleswith relativeuncertainties
at the one-standard-deviation level. The solid curve is the predictionof the one-parameterLotz
formula andthe dashedcurve representsthe crosssectionsrecommendedin Ref. 8. The inset
showsthethresholdregionwith a linearenergy scale.
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Fig. 7 Betheplot of productof scaledelectronimpactionizationcrosssectionstimesreduced
energy versusthe logarithmof the reducedenergy for C-like ions. The circlesare the present
resultsfor Ne. � , the diamondsare measurementsfor O� � from Ref. 18. The lines are least-
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Fig. 8 Absolutecrosssectionsasa functionof electron-impactenergy for singleionizationof
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formula andthe dashedcurve representsthe crosssectionsrecommendedin Ref. 8. The inset
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Fig. 9 Betheplot of productof scaledelectronimpactionizationcrosssectionstimesreduced
energy versusthe logarithmof the reducedenergy for B-like ions. The circlesare the present
resultsfor Neg � , the diamondsare measurementsfor O� � from Ref. 20, and the trianglesare
measurementsfor N� � from Ref. 19. For clarity only theleast-squaresfit line for theNeg � datais
shown.
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Fig. 10 Absolutecrosssectionsasafunctionof electron-impactenergy for singleionizationof
Ne� � . Thepresentexperimentalresultsareindicatedby thesolidcircleswith relativeuncertainties
at the one-standard-deviation level. The solid curve is the predictionof the one-parameterLotz
formulaandthedashedcurve representsthecrosssectionsrecommendedin Ref. 8.
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Fig. 11 Betheplot of productof scaledelectronimpactionizationcrosssectionstimesreduced
energy versusthe logarithmof the reducedenergy for Be-like ions. The circlesarethe present
resultsfor Ne� � . Theothermeasurementsarefrom Ref. 22: diamonds,O. � , triangles,N� � , and
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