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Abstract

Absolutetotal crosssectionsfor electron-impacsingle ionization of Ne?t(q =
2,4 — 6) ionshave beenmeasuredisinga crossed-beantechniquerom below the
ground-statéonizationthresholdto 800 eV with typical total uncertaintiemearthe
peakof the crosssectionsrangingfrom 9% for Ne** to 13% for Ne®*. Detailsof
the apparatusand experimentalproceduresisedin this study are presentedalong
with adiscussiorof the experimentaluncertaintiesThe measurearosssectiongor
all four ionsaredominatedby directionizationandarein excellentagreementvith
the Lotz semiempiricafformula. lonizationrate coeficients andfitting parameters

calculatedrom themeasuredrosssectionsarealsoreported.
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. INTRODUCTION

The needfor atomicdatato supportfusionresearcthasresultedin a wealthof crosssections
for electron-impactonizationof ions[1]. Surprisingly therehave beenfew reportsof absolute
electron-impactonizationcrosssectionmeasurement®r multichagedneonions. Experimental
crosssectiongsor only Ne*+ [2,3], Ne** [4], andNe™ [5] have beenpublished.lonizationcross
sectiondor neonarecritical in modelinganddiagnosinghe ITER tokamaksinceneonis a prime
candidatampurity for radiationpower exhaustionin the divertor[6]. Neonhashigherradiation
emissionratesthanlower-Z speciesuchasBe andC, anda higherimpurity fraction of Ne can
exist in an ignited plasmathan of higherZ impuritiessuchasAr. This paperpresentsabsolute
total crosssectiongor electron-impacionizationof Ne/* for ¢ = 2,4, 5, 6.

Theionizationcrosssectiongeportechereweremeasuredisingthe Oak RidgeNationalLab-
oratory(ORNL) electron-ioncrossed-beamapparatusThe experimentakesultsarecomparedo
previousmeasuremen@ndcalculationsvhereavailable. Comparisonso the Lotz [7] semiempi¥

ical formulaandto datarecommendedly Lennonet al. [8] arealsomade.

I[I. EXPERIMENT

The experimentalmethodand ORNL crossed-beamapparatudiave beendescribedn detalil
elsavhere[9], but numerouschangessincethattime make an updateddescriptionnecessaryA
schematiadrawing of the apparatuss shovn in Fig. 1. The production,transportandmeasure-
mentof theincidention andelectronbeamswill be discussedn thefirst sectionbelon. The next
sectionswill detailthe proceduresisedfor measuringabsolutecrosssectionsandthe associated

experimentaluncertainties.

A.lon and electron beams

Neonions are extractedfrom the ORNL electron-gclotron-resonanc€ECR) ion sourceat

10 kV and massanalyzedby a 90° bendingmagnet. The ion sourceis typically operatedwith



20-50W of microwave power and a gaspressureof about10~* Pa (10-¢ Torr) in the ECR re-
gion. For theseexperimentspoth?’Ne and??Ne isotopesvereusedin orderto eliminatepossible
errorsdueto impurity ions with the samemass-to-chaye ratios. Crosssectionsmeasuredvith
the two isotopeswereindistinguishablevithin the experimentaluncertaintiesindicatingthation
beamimpuritieswerenegligible. Theion beamis chage-purifiedby anelectrostatigarallel-plate
analyzerjust upstreamof the collision volume (seeFig. 1). This eliminatesary ions that have
undegonechage exchangein the several-meterbeamlinebetweenthe massanalyzingmagnet
andthe chage purifier. The ions enterthe magneticallyshieldedcollision volumethrougha 0.5
cm wide by 1.0 cm high apertureand are crossedperpendicularlyby the electronbeam. Upon
exiting the collision volumethroughanothe0.5cm by 1.0 cm aperturethe productNe @1+ jons
are separatedrom the primary NeZ* ion beamby a double-focusingnagnet. The productions
are magneticallydeflectedhorizontally through90° andthen are deflectedvertically 90° out of
the planeof the magneticdispersiorby anelectrostaticurved-plateanalyzerandonto a channel
electronmultiplier. This analyzer(vertical deflector)is shawn in the planeof Fig. 1 for easeof
presentatioronly. The positionof the productionsin the detectorplanecanbe adjustedn two
dimensionausing the curved-plateanalyzerand a final horizontaldeflectorlocatedbetweenthe
magnetandtheanalyzer

The primary neonions are collectedby one of threeFaradaycups(two are movable)shovn
in Fig. 1. The chage ratio of the primary and productions determinesvhich cup is usedand
its position. For the Ne*™ measurementghe first (fixed) Faradaycup was used;for the other
measurementshe middle Faradaycupwasused.The Ne** ion currentmeasurementsere cor-
rectedto accounfor incompleteon currentcollectionandlack of secondaryglectronsuppression
by the fixed Faradaycup. The ratio of trueion current(asmeasuredn the middle Faradaycup
with secondaryelectronsuppressionfo thecurrentmeasuredh thefixedcuprangedrom 1.06to
1.19in the presenexperiments.Typical ion beamcurrentsranged100 — 250 nA for 22Ne/* and
0.9 — 1.5uA for °Nes™.

The electronbeamis generatedsfollows. An immersionlensdraws electronsrom anindi-

rectly heatedcathodeinto a focusanda cylinder-aperturgrectangulageometry)lensmakesthe
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beamparallel[10]. The gun, collision volumeandcollectorare magneticallyshieldedto reduce
fieldsin theseregionsto lessthan40 mG. After passinghroughthecollisionvolume,theelectrons
aredrivenby atrans\erseelectricfield ontoacollectorplatecoveredwith metal‘honeycomh’ The
electroncurrentto the box surroundinghe collision volumeis lessthan1% of the total collector
electroncurrent.For electronenegieslessthan150eV, a fraction of the electroncurrentpassing
throughthe collision volumestrikesa groundedshieldingelectrodebetweerthe collision volume
andthe collector The measurecklectroncurrentis taken to be the sumof the currentsto the
collectorandthe shieldsincebeamprofile measurementdemonstratéhat someof the electrons
striking this shieldpassthroughtheion beam.Theelectronbeamis choppedat 1 kHz duringdata
acquisitionby applyinga 50%-duty-gycle square-vave voltageto the extractionelectrodeof the
gun.

The differentialdistributions(profiles) of the electronandion beamsn the directionperpen-
dicularto bothbeamgthatis, in the vertical direction),denotedby I.(z) and [;(z), respectiely,
aremeasuredisinga stepping-motodriven L-shapedbeamprobewith coplanarslits, each0.15
mm wide. Typical beamprofilesareshovn in Fig. 2. Combinationf thesecurrentprofilesare
integratednumericallyto obtainthe ‘form factor’ F', the geometricterm quantifyingthe overlap

of thetwo beamd10], calculatedoy

P [1.(2)dz [ I;(z)dz
[L.(2);(2)dz

(1)

B. Diagnostics

Elimination of any spurioussourcesof apparensignalis crucial for accuratelydetermining
absoluteonizationcrosssections.Sincethe backgroundietectorcountsarisepredominantlydue
to theion beam,with a small contribution from detectordark counts,ion beamtuningis critical.
Thetwo majorsource®f spurioussignalin this experimentbothresultfrom modulationof theion
backgroundy the choppedelectronbeam.Thefirst, pressuranodulation,canoccurbecausehe

intenseelectronbeamcausesnincreasan the backgroundyaspressuran the collision volume,



thus increasingthe numberof ions strippedon the backgroundgas. This effect is eliminated
by using a sufficiently high choppingfrequeng, in this casel kHz, in orderthat the pressure
doesnot vary over one chop period. In addition, the electrongun s left on overnightat a few
hundredeV to keepthe surfacesin the gun and collector de-gassed.The electroncollectoris
alsoheatedcontinuouslyby current-carryinqnichromewireslocatedbelow the collectorplateand
‘honeycomb’ The secondsourceof spurioussignalis modulationof ion backgroundesulting
from a smallfractionof the primaryion beamstriking agroundshieldin front of the Faradaycup.
Propertuning of the ion optics upstreanof the collision volumereduceghe ion currentto this
shieldto lessthan0.1 nA sothatany apparensignalproduceds negligible comparedo thereal
ionizationsignal.

After the ion optics upstreamof the collision box are optimizedfor maximumcurrentand
minimum backgroundthe downstreamoptics are adjustedto assurefull collectionof the prod-
uct ions. The analyzermagnetis setapproximatelyby steeringthe primary ion beaminto the
straight-throughFaradaycup (seeFig. 1) with the other downstreamoptics off and then scal-
ing the magneticfield down by the ratio of the parent-to-producthage ratio so thatthe product
ionsarenow deflectecthrough90°. Thenthe downstreamopticsareturnedon andthe signalis
measuredt a particularelectronenegy asthe magneticfield is variedin small steps.A typical
resultingscanis shown in Fig. 3(a)for ionizationof Ne°+ at an electronenegy of 500eV. The
magnetidield is chosenn themiddleof theflat peakof thescan.Oncetheoptimummagnetidield
is determinedthe voltageon the curved-plateanalyzeris variedwith the otherdownstreanoptics
held constant.Figure3(b) shavs a typical scanover the curved-plateanalyzenoltage. Next, the
optimumvoltagefor the final horizontaldeflectoris determinedasillustratedby the examplein
Fig. 3(c). Theflat peakson the threedownstreamopticsscandndicatethatfull collectionof the
productionshasbeenachiesed.

The final diagnosticperformedis the measuremendf the signal pulsetransmissiorthrough
the detectorelectronics.With 2.8 kV appliedto the channeltrorandan amplifier gain of 50, the
pulse heightdistribution (PHD) is measuredy varying the lower limit of a ‘voltage-windev’

discriminatorin smallstepsandmeasuringhenetsignal. A typical resultis shavnin Fig. 3(d) for
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Ne*+ ionizationat 500eV. Extrapolationof the netsignalto zerodiscriminatorsettingdetermines
thetruesignal;the pulsetransmissions theratio of thesignalatthediscriminatorsettingusedfor
theexperiment(in this case0.3V) to thetrue signal. The pulsetransmissiorwasestimatedo be
between0.98 and 1.00 for the presentexperiments.No correctionswere madeto the measured
crosssectiongo accountor a non-unitypulsetransmissionhowever, uncertaintyin this quantity

wasincludedin theabsoluteuncertaintyof the measuremenasdiscussedbelow.

C. Absolute cross sections and uncertainties

Theabsolutecrosssectionsaredetermined11] from the measurementssing
R ge*viv, F

= (2)
LI, fo2 402 D

whereo (E) is the absolutecrosssectionat the centerof-masselectron-impacenengy F, R is the

o(F)

production countrate, I; and I, arethe incidention and electroncurrents,qe is the chage of
theincidentions, v; andv, aretheincidention andelectronvelocities, I is the form factorthat
is determinedrom the two beamprofiles,and D is the channeltrordetectionefficiency for the
productionsthatwe estimatedo be 98% [4].

Thecomponentsf theabsolutauncertaintyfor themeasurement@regivenin Tablel atalevel
eguialentto a90%-confidencdevelfor statisticaluncertaintiesThedominantcontributionscome
from thetransmissiorof productionsto thedetectoyproduction detectiorandpulsetransmission,
and measuremendf absoluteform factors. A detaileddiscussionof eachof thesesourceshas
beengiven previously [9]. Althoughsomeof the valueshave beenrecentlyadjustedthe general
discussionin this referenceis still valid. The quadraturesum of thesecomponentss +8.2%.
Combiningthis sumwith the total relative uncertaintiesat a 90%-confidencdevel (two standard
deviations)yieldsthetotal uncertaintyfor the measurementshowvn in parentheseis TableslI-V.

The error barsshown in the figuresare relative uncertaintiesonly and are displayedat the
one-standard-deation level. The relative uncertaintiesare the quadraturesum of the statistical
uncertaintiesanda 2% contribution from form factorvariations. Theserelative uncertaintiesare

alsogivenin Tablesll-V attheone-standard-deation level.
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1. RESULTS

The experimentalresultswill be discussedn separatesectionsfor eachof the chage states.
However, somediscussiorthatis commonto all four chage statesis more cornveniently given
here. For eachof the ions, experimentalcrosssectionswill be comparedo the one-parameter
Lotz semiempiricaformula[7], exceptfor Ne** wherethe three-parameteiorm is used,andto
therecommendedrosssectiongyivenin the compilationof Lennonet al. [8]. Few experimental
ionization crosssectionshave beenreportedfor multichagedneonions. For Ne**, researchers
at Nagoya have publishedcrossedbeamgresults[2,3] andHastedet al. [12,13] trappedion mea-
surementsOnly the electronbeamion source(EBIS) measurementsf DonetsandOvsyannilov
[14] for enepgiesgreaterthan3 keV have beenreportedfor ionizationof the otherthreechage
states. The presentcrosssectionsare also comparedo scaledmeasurementtor isoelectronic
multichagedions.

Theoreticalcrosssectionsarelik ewise scarcein the literature. Jakubevicz and Moores[15]
publisheddistortedwave calculationgor Ne’+. Salop[16] calculatectrosssectionsn thebinary-
encounteapproximation(BEA) for thefour ionsdiscussedn this paper but his resultsoveresti-
matethe peakcrosssectionsby 30 — 50% andfall off fasterwith enegy thanthe Born approxi-

mation(ln £/ E).

A.Ne*t

Measuredabsolutetotal crosssectionsfor electron-impacsingleionizationof Ne?* from 56
eV to 800 eV areshawvn in Fig. 4 with the thresholdregion displayedin the inset. The solid
circlesrepresenthe presentmeasurementandthe opentrianglesthe resultsof Matsumotoet al.
[3] Also presenteds a solid line representinghethree-parametdrotz semiempiricaformula[7]
for directionizationof the 2s22p* groundconfiguration,anda dashedine representinghe cross
sectioncurve recommendedh thecompilationof Lennonet al. [8] andbasednthedataof Danjo
et al. [2]. Thepresenexperimentaldataarealsogivenin Tablell; the total uncertaintynearthe

peakof the crosssectionis typically 9%.



The presenimeasurementarein reasonableagreementith the resultsof Matsumotoet al.
[3] and with the Lotz semiempiricalformula, exceedingboth by lessthan 10% nearthe peak
andbeingdominatedby directionization. The only significantdifferencebetweenthe two sets
of experimentaldatais that the presentdatafall off as(In £/FE) above 400 eV while the data
of Matsumotoet al. decreasesnoreslowly. As shawvn in the insetof Fig. 4, zero measured
crosssectionselow the groundstateionizationthreshold17] of 63.45eV indicateanabsencef
metastabléonsin the primaryNe?* ion beam.

The presentdataarealsocomparedn a Betheplot (Fig. 5) to resultsfor Si°t reportedpre-
viously [18]. The scaledexperimentalcrosssectiontimesthe scaledelectronenegy is plotted
versusthe logarithmof the scaledelectronenegy. This scalingis commonlyusedfor predicting
ionizationcrosssectiongor a givenion basedon existing datafor isoelectronidons. Both curves
arealmostlinear, asindicatedby theleast-squarefit linesin Fig. 5, but the slopeof the Si®* data

is about50% largerthanthatfor theNe?* data.

B. Nett

Figure6 illustratesthe measuredrosssectionsfor Ne** from 120 eV to 800 eV, andagain
the experimentalresultsarealsopresentedn Tablelll. Thetotal uncertaintynearthe peakof the
crosssectionis typically 10%. The solid anddashedcurvesarethe Lotz semiempiricaformula
for directionizationof the groundstateandthe recommendedataof Lennonet al. [8] basedon
scalingof O?* calculationsrespectiely.

The agreemenbetweerthe presenimeasurementandthe Lotz formulais quite good,differ-
ing by only a few percentnearthe peakandlying well within the total uncertainty The curve
recommendetdy Lennonet al. underestimatethe crosssectionby 10 — 15% nearthe peak,but
agreeavell with themeasurementsearthreshold asshown in theinsetof Fig. 6. Thesmallcross
sectionaneasuredelown the groundstatethreshold17] of 126.21eV suggesthata few percent
of theNe** ion beamcouldhave beenin ametastablstate put thestatisticaluncertaintie®f these

pointsmake a reasonablestimateof the metastabldractionimpractical.



The Betheplot of Fig. 7 compareshe presentresultswith scaledcrosssectionsfrom prior
measurementsn O?* [19]. Thecurvesarealmostidentical,with theNe** datajustafew percent
higherover mostof the enegy rangeof the measurementslhis is one casewherescalingof the

ionizationcrosssectiongyieldsvery goodagreemenbetweernthe data.

C.Ne’*t

The measurearosssectiongor ionizationof Ne’* from 150eV to 800eV areshavn in Fig.
8 andalsogivenin TablelV. Thesolid curve representshe Lotz formulaandthe dashedccuneis
recommendedby Lennonet al. [8] basedon scalingcalculationsfor O**. Thetotal uncertainty
for the presentatais typically 11% nearthe peakof the crosssection.

The measurementagreevery well with the Lotz predictionover mostof the enegy range
exceptnearthresholdseetheinsetof Fig. 8) wherethe experimentaresultsaresomeavhathighet
The peakcrosssectionis identicalto the Lotz formulaandonly a few percenthigherthanthe
recommendedurve of Lennonet al. Thezerocrosssectionbelow the groundstatethreshold17]
of 157.93eV indicatethe absencef metastabléonsin the Ne>™ beam.

Figure9 shavs a Betheplot of the presentiataalongwith measurement®r ionizationof N+
[20] andO?** [21]. Thescalingis excellentover the rangeof the neonmeasurementasthethree
curves are nearlyindistinguishable. It is interestingto note that althoughno metastablesvere
apparentn the N?* andNe’* ion beamsextractedfrom the ORNL ECRion sourcea metastable
fractionof about16% wasestimatedor the O** ion beamextractedfrom the old ORNL Penning
ion gauge(PIG) ion source[22]. Furtherdataareneededo determinewhetherthis differencein
metastabldractionsis dueto the sourcesisedor to the detailsof atomicstructureandpopulation

dynamicsor thedifferentspecies.

D. Neft

TableV liststhemeasuredrosssectiongor Ne®+ from 180eV to 800eV with relative uncer

taintiesat the one-standard-dgation level andtotal uncertaintiegivenin parentheseat a level
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equialentto 90%-confidencefor the statisticaluncertainties. The total uncertaintyis typically
13% nearthe peakof the crosssection. The presentdataarealsoshavn in Fig. 10 with a solid
cune representinghe Lotz formulafor directionizationof the 2s? groundstateanda dashedine
representingherecommendationf Lennonet al. [8] basedn the distorted-vave calculationsof
Jakubavicz andMoores[15] for Ne°+.

Unlikethemeasurement®r the otherthreeneonions,theexperimentatesultsfor Ne"+ agree
betterwith therecommendedurve thanthe Lotz formulafor enegiesabove 400eV. Below 400
eV, the Lotz predictionis closer No metastablesierefoundin theion beam,asevidencedby the
zerocrosssectionselov the207.27eV groundstatethreshold17].

A comparisorof thepresentneasurementsith thosefor ionizationof otherisoelectronidgons
[23] is shown in the Betheplot of Fig. 11. The scaledcrosssectionsfor Ne’+ arein very good
agreementith thosefor C2+ andN?3*, but 10 — 15% lowerthanthe scaledcrosssectionsor O*.
It shouldbe noted,however, it wasestimatedhatabout90% of theionsin the C**, N3+, andO**
experimentsverein metastablestatesvhenextractedfrom the ORNL PIG source.As remarled
previously, it is notclearwhetherthedifferencein metastabldractionsbetweerthe presentesults
andthe older onesis dueto usingdifferenttypesof ion sourcesor dueto atomicphysicsof the
differentions. One might expectthat sincethe ECR ion sourcehasa higher averageelectron

temperatureét would producemoremetastabledyut thetrendshowvn hereis justthe opposite.

IV.RATE COEFFICIENTS

For mary applicationssuchasplasmamodeling,it is usefulto reportMaxwellian rate coefi-
cientsfor theprocessnvestigatedTableVI listsratecoeficientscalculatedrom our presentross
sectionmeasurementssinga methoddescribecelsavhere[24] with the measurediataextrapo-
latedto high enegiesusing(In E/E). In addition,the rate coeficientswerefit with Chebyshe
polynomialsof thefirst kind 7, (x) to enablethe userto calculatethemfor ary temperaturén the

rangelO’K < 7' < 10°K:
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a(T) = T/ 2e=1/kT Z a;T;(x) (3)
7=0

where is theionization potential. The coeficientsag - - - ag givenin Table VIl reproducethe
ratecoeficientsto within 1% over the giventemperaturgange.Theratecoeficienta(7") canbe

expressesgimply as
a(T) = %Tl/Qe_I/kT(bo — by) (4)
with the coeficientsb, andb, calculatedusingClensha’s algorithm[25]:
bj = 2abjy1 — bjo + a; j=0,1,2...8 (5)

whereby = b1g = 0 andthereducecenegy x is givenby

T s

(6)
The presentresultsagreevery well with publishedrate measurementior Ne’*. Datla and
Roberts[26] reporteda rate coeficient of 1.08 x 107° cm?/s at 55 eV and Schmidtet al. [27]
measured.9 x 10~ cm?/sat80eV. Thepresentesultsare1.10 x 10~ cm?/sand2.97 x 101
cm?/s at55 eV and80 eV, respectiely. The agreemenis not so goodfor theionizationof Ne’+
however. At 55 eV, thepresentesultis 2.16 x 107! cm?/s with DatlaandRobert§26] reporting
avalueof 3.8 x 10~ cm?/s. At 100eV, thepresentesultis 1.33 x 107° cm?/sversusl.8 x 10710
cm’/s measuredy Schmidtet al. [27] This discrepang may be dueto the absencef metastable

Ne*+ ionsin the presenexperimentandtheir presencén thedirectratecoeficient measurements

[26,27].

V. SUMMARY

Absolutetotal crosssectiongor electron-impacsingleionizationof Ne'* (q=2,4-6)ionswere
measuredisingthe ORNL crossed-beamapparatuswith typical total uncertaintieof ranging
from 9% for Ne** to 13% for Ne**. Crosssectionsfor all four ions are dominatedby direct

processeandin goodagreementith the predictionsof the Lotz semiempiricaformulaaswell
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asthe datarecommendedby the datacompilationof Lennonet al. [8]. The Ne’* resultswere
alsoin goodagreementvith the measurementsf Matsumotoet al. [3]. The measurementfr
the otherthreeionswerecloseto thosefor otherisoelectronionultichagedionswhencompared
on a Betheplot. Only the Ne** resultssuggestedhe possiblepresenceof a small fraction of

metastables theincidention beam.
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TABLES

TABLE I. Absoluteuncertainties. All uncertaintiesare at a high confidencedevel (equivalentto a
90%-confidencdevel on the statisticaluncertainties) Theseare combinedwith total relatve uncertainties
ata90%-confidencdevel to yield thetotal uncertaintie®f themeasurements.

Source Uncertainty(%)
Production detectionandpulsetransmission +5
Transmissiorof productionsto detector +4
Absolutevalueof form factor +4
lon currentmeasurement +2
Electroncurrentmeasurement +2
lon velocity +1
Electronvelocity +1
Quadraturesum +8.2
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TABLE Il. Experimentallymeasureébsolutgotal crosssectiondor electron-impacsingleionization
of Ne*t. Therelative uncertaintiesireat the one-standard-a@tion level; the total uncertaintieggivenin
parenthesegreata high confidencdevel correspondingo 90% confidencdor therelative uncertainties.

E o
(eV) (10718 cnv?)
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)
1008 11.78+ 0.30 (1.14)
1108 13.40+ 0.34 (1.29)
1257 14.86+ 0.33 (1.39)
1506 16.95+ 0.36 (1.57)
1754 17.20+ 0.38 (1.60)
2003 17.88+ 0.39 (1.66)
2254 18.12+ 0.40 (1.69)
2504 18.50+ 0.40 (1.72)
2754 18.18+ 0.41 (1.70)
3004 18.12+ 0.38 (1.67)
3255 17.39+ 0.41 (1.65)
3506 17.37+ 0.37 (1.61)
3757 16.53+ 0.38 (1.56)
4006 16.70+ 0.35 (1.54)
4506 16.18+ 0.37 (1.52)
5006 15.85+ 0.37 (1.49)
550.7 14.69+ 0.37 (1.412)
6008 14.20+ 0.31 (1.32)
7009 13.28+ 0.34 (1.28)
8009 11.92+ 0.34 (1.19)
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TABLE lll. Experimentallymeasureébsolutdotal crosssectiondor electron-impacsingleionization
of Ne*t. Therelative uncertaintiesireat the one-standard-a@tion level; the total uncertaintieggivenin
parenthesegreata high confidencdevel correspondingo 90% confidencdor therelative uncertainties.

E o
(eV) (10718 cn??)
1105 0.14+0.29 (0.58)
1155 —0.074+0.32 (0.64)
1208 —0.07+0.17 (0.35)
1233 0.26+0.19 (0.38)
1258 0.24+0.16 (0.31)
1283 0.32+0.20 (0.40)
1308 0.43+0.13 (0.26)
1360 1.17+0.28 (0.57)
1410 1.30+ 0.17 (0.37)
1459 1.46+0.32 (0.64)
1510 1.95+ 0.20 (0.43)
1559 1.81+0.22 (0.47)
1608 2.384+0.14 (0.35)
1707 2.664 0.21 (0.46)
180.7 2.8440.18 (0.43)
1906 3.14+0.19 (0.45)
2007 3.344+0.09 (0.33)
2257 3.52+0.17 (0.44)
2507 3.56+0.17 (0.44)
2757 3.68+0.16 (0.43)
3008 3.94+0.14 (0.43)
3258 3.87+0.14 (0.42)
3508 4.06+0.13 (0.42)
3759 3.93+0.15 (0.43)
4008 4.12+0.12 (0.41)
4257 4.07+0.14 (0.44)
4508 4.014+0.14 (0.43)
4758 4.06+0.12 (0.42)
5006 3.98+0.11 (0.40)
5507 3.76+0.11 (0.38)
600.7 3.61+0.15 (0.42)
6506 3.48+0.16 (0.43)
7006 3.524+0.14 (0.40)
7505 3.22+0.13 (0.37)
8003 2.914+0.10 (0.32)
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TABLE 1V. Experimentallymeasure@bsolutgotal crosssectiondor electron-impacsingleionization
of Ne’*. Therelative uncertaintiesareat the one-standard-detion level; thetotal uncertaintieggivenin
parenthesegreata high confidencdevel correspondingo 90% confidencdor therelative uncertainties.

E o
(eV) (10718 cn??)
1459 0.05+ 0.09 (0.19)
1510 —0.024+ 0.07 (0.13)
1560 0.01+0.08 (0.15)
1584 0.03+0.09 (0.19)
1609 0.17+0.07 (0.14)
1660 0.27+0.07 (0.14)
1710 0.46+ 0.08 (0.16)
1759 0.63+ 0.08 (0.18)
2010 0.87+0.06 (0.14)
2259 1.11+0.09 (0.20)
2509 1.49+ 0.07 (0.18)
2759 1.66+ 0.06 (0.19)
3012 1.69+ 0.06 (0.18)
3260 1.65+ 0.06 (0.18)
3511 1.76+ 0.08 (0.21)
3761 1.84+ 0.07 (0.21)
401.2 1.80+ 0.05 (0.17)
4262 1.78+0.11 (0.26)
4511 1.79+ 0.07 (0.21)
4762 1.67+0.10 (0.24)
5012 1.74+ 0.05 (0.18)
5510 1.73+0.07 (0.20)
6012 1.71+ 0.05 (0.17)
6513 1.59+ 0.05 (0.17)
7013 1.55+ 0.05 (0.16)
7512 1.60+ 0.05 (0.16)
8012 1.47+0.05 (0.15)
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TABLE V. Experimentallymeasuredbsolutdotal crosssectiondor electron-impacsingleionization
of Ne®+. Therelative uncertaintiesireat the one-standard-a@tion level; the total uncertaintieggivenin
parenthesegreata high confidencdevel correspondingo 90% confidencdor therelative uncertainties.

E o
(eV) (10718 cnv?)
1813 0.009+ 0.034 (0.068)
2014 0.016+ 0.022 (0.044)
2064 0.067+ 0.027 (0.054)
2114 0.098+ 0.024 (0.049)
2164 0.125+ 0.025 (0.051)
2264 0.246+ 0.031 (0.066)
2513 0.309+ 0.039 (0.083)
276.3 0.466+ 0.035 (0.080)
3015 0.605+ 0.028 (0.074)
326.6 0.670+ 0.040 (0.098)
3516 0.696+ 0.028 (0.080)
376.7 0.721+ 0.031 (0.086)
4017 0.715+ 0.019 (0.070)
4516 0.664+ 0.026 (0.075)
5016 0.693+ 0.023 (0.073)
5516 0.723+ 0.024 (0.076)
6016 0.715+ 0.025 (0.077)
6516 0.688+ 0.025 (0.076)
7016 0.678+ 0.024 (0.074)
7516 0.679+ 0.023 (0.072)
8015 0.667+ 0.027 (0.076)
9013 0.665+ 0.027 (0.076)
10014 0.660+ 0.024 (0.072)
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TABLE VI. Maxwellianratecoeficients(in unitsof cm?/s) for theionizationof Ne?* (¢ = 2,4 — 6) at
selectedraluesof T' (in K) calculatedrom the measuredrosssectiongseetext).

Electrontemperature

lonizationratecoeficientsa (cm?/s)

T(K) Ne*+ Nett Ne>+ Neb+
1.0x 10° 4.54%x 10~12 1.36x 10~ 1° 1.32x 1017 3.60x 10~20
2.0x 10° 2.32x 10710 2.19x 1012 1.49x 1013 4.76x 10715
4.0x 10° 1.90x 107? 9.84x 1011 1.74x 1011 2.07x 1012
6.0x 10° 4.03x 1079 3.64x 10710 8.99x 1011 1.67x 10711
8.0x 10° 5.99x 109 7.11x 10710 2.08x 1010 4.86x 101!
1.0x 10° 7.68x 109 1.07x 10°? 3.48x 1010 9.26x 101
2.0x 10° 1.29x 10°8 2.49% 1079 9.89x 1010 3.43x 1010
4.0x 10° 1.65x 1078 3.73x 1079 1.66x 107? 6.65x 1010
6.0 x 10° 1.76x 1078 4.15x 1079 1.94x 107° 8.26x 1010
8.0x 10° 1.78x 10°8 4.30x 1079 2.08x 1079 9.14x 10710
1.0 x 107 1.78x 10°8 4.34% 1079 2.14x 1079 9.65x 1010
2.0x 107 1.67x 10°8 4.16x 1079 2.18x 1079 1.04x 1079
4.0 x 107 1.48x 1078 3.70x 1079 2.03x 107? 1.01x 107°
6.0 x 107 1.35x 1078 3.38x 1079 1.90x 107? 9.59x 10710
8.0 x 107 1.25x 1078 3.15x 1079 1.79x 107° 9.15x 10710
1.0x 10° 1.18x 108 2.97x 1079 1.71x 1079 8.77x 1010

TABLE VII. Rate-coefcient fitting parametersAll parametersrein unitsof 1073 cm? K—1/2 571,
Ratecoeficientsin therangel® K < T' < 10° K maybecalculatedisingtheseparameters a Chebyshe

polynomialexpansionor throughClensha’s algorithm(seetext).

Fitting parameter Ne*t Nett Ne+ Neb+

ag 185787 58.4460 24.5603 7.16433
ai —80.0547 —28.9373 —10.3413 —1.35526
as —17.6862 —0.889595 —2.40887 —2.55532
as 20.2390 4.61315 2.77899 1.32380
ay —-1.91632 —0.707830 —0.473245 0.115278
as —2.00383 —0.402223 —0.119709 —0.324250
ag 0.0786975 0.111143 —0.0267319 0.115607
ar 0.356676 0.00189733 0.0719363 0.0265578
as 0.000000 0.000000 —0.0247852 —0.0324881
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Fig. 3(b) Typical diagnosticscanwith apparentrosssectionplotted versusexperimental
parameterfor Ne** atanelectronenegy of 500eV: verticaldeflectorvoltage.

24



1.0 | | | | |

sl iiiii | _
) _
Lt

0.2 — —

:

0.2 | | | | | | |
-400 -200 0 200 400

Horizontal Deflector Voltage (V)

Apparent Cross Section (10'18 cm’ )

Fig. 3(c) Typical diagnosticscanwith apparentcrosssectionplotted versusexperimental
parameterfor Ne** atanelectronenegy of 500eV: horizontaldeflectorvoltage.

25



10 | | | |
_ (d) 4

N/\

= 0.8 —
(&)
g 1 E

= ®

= 06 —
2 T

IS N

q_) b —
wn

; ¢

o 0.4 —Final setting —
O

= _ -
(¢b)

g £
= 02 ®
< 4

OO ] | ] | ] | ]
0 1 2 3 4

Discriminator Voltage (V)

Fig. 3(d) Typical diagnosticscanwith apparentcrosssectionplotted versusexperimental
parameterfor Ne** atanelectronenegy of 500eV: pulsediscriminatodower-limit voltage.

26



20 T 1T 1 | | 1 1T 1T 1T 1
15
=
(&)
S 10
(@»)
=
C
=
S 5
)
)
(7p)
t
@)
0
_5 IIII| | | L1 1 1 11

100 1000
Electron Energy (eV)

Fig. 4 Absolutecrosssectionsasafunctionof electron-impacenegy for singleionizationof
Ne?t. Thepresenexperimentaresultsareindicatedby thesolid circleswith relative uncertainties
atthe one-standard-deation level. The opentrianglesarethe measurementsf Ref. 3. The solid
curwe is the predictionof the three-parametdrotz formula andthe dashedcurve representshe
crosssectiongecommendeth Ref. 8. Theinsetshows the thresholdregion with alinearenepgy
scaleitheresultsof Ref. 3 areomittedfor clarity.
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Fig. 5 Betheplot of productof scaledelectronimpactionizationcrosssectiongimesreduced
enegy versusthe logarithm of the reducedenepy for O-like ions. The circlesare the present
resultsfor Ne** andthe diamondsare measurement®r Si®* from Ref. 17. Thelinesareleast-
squaresits to the experimentabpoints.
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Fig. 6 Absolutecrosssectionsasafunctionof electron-impacenegy for singleionizationof
Ne*t. Thepresenexperimentatesultsareindicatedby thesolid circleswith relative uncertainties
at the one-standard-deation level. The solid curve is the predictionof the one-parametelotz
formula andthe dashedcurve representshe crosssectionsrecommendedh Ref. 8. The inset
shows thethresholdregion with alinearenegy scale.
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Fig. 7 Betheplot of productof scaledelectronimpactionizationcrosssectiongimesreduced
enegy versusthe logarithm of the reducedenepy for C-like ions. The circles are the present
resultsfor Ne**, the diamondsare measurementfor O?>* from Ref. 18. The lines are least-
squaresdits to the experimentabpoints.
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Fig. 8 Absolutecrosssectionsasa functionof electron-impacenegy for singleionizationof
Ne’+. Thepresenexperimentatesultsareindicatedby thesolid circleswith relative uncertainties
at the one-standard-deation level. The solid curve is the predictionof the one-parametelotz
formula andthe dashedcurve representshe crosssectionsrecommendedh Ref. 8. The inset
shows thethresholdregion with alinearenegy scale.
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Fig. 9 Betheplot of productof scaledelectronimpactionizationcrosssectiongimesreduced
enegy versusthe logarithm of the reducedenepy for B-like ions. The circles are the present
resultsfor Ne’*, the diamondsare measurementior O3 from Ref. 20, andthe trianglesare

measurement®r N>+ from Ref. 19. For clarity only theleast-squarefit line for the Ne’* datais
shawn.
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Fig. 10 Absolutecrosssectionsasafunctionof electron-impacenegy for singleionizationof
Ne“+. Thepresenexperimentatesultsareindicatedby thesolid circleswith relative uncertainties
at the one-standard-deation level. The solid curve is the predictionof the one-parametelotz
formulaandthedashedurve representshe crosssectiongecommendech Ref. 8.
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enegy versusthe logarithmof the reducedenepgy for Be-like ions. The circlesarethe present
resultsfor Ne’+. The othermeasurementarefrom Ref. 22: diamondsO**, triangles,N3*, and
squaresC?*. For clarity only the least-squarefit linesfor theNe’* andO** dataareshown.
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