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Abstract

Absolutetotal crosssectionsfor electron-impacsingle ionization of Mo*t and
Mo®* ions have beenmeasuredising a crossed-beamtechniquefrom belov the
ground-stata@onization thresholdto 500 eV with typical total uncertaintiesof 9%
nearthe peakof the crosssections.Molybdenumion productionin the sourcewas
facilitatedby a mini-oven sublimatingMoOs. The measuredrosssectionsarein
goodagreemeniith distorted-vave calculationsandaredominatedy contritutions
from excitation autoionization.Nonzerocrosssectionselav the thresholdfor ion-

izationof Mo®* (4p%4d) ground-statéonsindicatethatmetastabléonswerepresent
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in thebeamextractedfrom anelectron-gclotron-resorance ion source No evidence
of metastabléonswasfoundin the caseof theMo*t measurementsonizationrate

coeficientsandfitting parametersrepresentedor the experimentaldata.
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TypesetusingREVTEX



. INTRODUCTION

Accuratecrosssectionsaandratecoeficientsfor electron-impactonizationof ionsareessential
for modelinganddiagnosingyothlaboratoryandastrophysicaplasmasDespitethewealthof data
thatexistsfor ionization[1], crosssectionsareabsenfor severalkey ionsof interestto fusionre-
searcheranostnotablyfor heavy refractorymetals[2]. In particular crosssectiondor ionization
andexcitation of molybdenumonsin low to mediumchage statesareneededor understanding
the edgeplasmaof fusiondevicesthatusemolybdenumin plasma-acingcomponents.

In this paper we reportabsolutetotal crosssectionsfor electron-impacsingleionization of
Mo** andMo’* ionswith outershellconfigurationof 4524p°4d? and4s%4p®4d, respectiely. We
areawareof publishedexperimentalcrosssectionsfor Mo+ [3]. Crosssectionshave beenpub-
lished[4] for Zr3*, which s isoelectroniovith Mo®*. To our knowledge,thereareno published
measurement®r ary ion isoelectroniovith Mo**.

Theionizationcrosssectiongeportechereweremeasuredisingthe OakRidgeNationalLab-
oratory (ORNL) electron-ioncrossed-beamapparatus.In addition, distorted-vave calculations

for directandtotalionizationarepresenteéndcomparedo the measurements.

I[I. EXPERIMENT

The experimentalmethodand ORNL crossed-beamapparatuave beendescribedn detail
elsavhere[5,6], so only a brief overview will be presentechere. A schematiadraving of the
apparatuss shavnin Fig. 1. A recentmodificationto the ECRion sourceto enableproductionof

intense stablebeamsf metalionsis discussedn somedetail.

A.lon and electron beams

TheMo ion beamsausedin the presenexperimentwereproducedisinga mini-oven[7] which
is incorporatednto theendof the centralelectrodeof the coaxialmicrowave injectionwaveguide,

locatedimmediatelyadjacento the mainplasmastageof the ECR source.Theovenconsistf a



hollow boronnitride bodywith machinedyroovesinto whicharewoundabouttenturnsof 0.5mm
diameterTawire. Theboronnitride sourcebodyplusheatercoil is surroundedby acylindrical Mo
heatshield15 mmin diameterandroughly50 mmin length,which alsosenesasthetermination
of the 15 mm diametercoaxialelectrode.The maximumtemperaturattainablewith this ovenis
about1250°C, requiringa heatempower of about85 W. While sufficient for directevaporationof
mary metallicspeciesincludingPb,Au, Fe,andNi it is clearlyinsufficientfor directevaporation
of Mo, which requirestemperatures excessof 2000°C to reachthe 10~2 Pa (10~* Torr) vapor
pressureangerequiredfor productionof intenseJow-chage-statanetallic-ionbeams.

As aresultMoOs, a volatile metal oxide powder, was usedinstead. MoO; hasa 10~2 Pa
(10~* Torr) vaporpressuralreadyat atemperaturelightly abose 500°C, whichis well within the
capabilityof the mini-oven. The powderwastampedinto an openendedcylindrical Mo crucible
(5.7 mm o.d., 3 mm i.d., length 25 mm) arounda centralrod which is subsequentlyemoved
to maximizethe exposedpowder surfacefrom which vaporis generated.This ‘hollow chage’
techniquavasfoundby trial anderrorandgave goodbeamintensitiesaswell asquitegoodchage
lifetimes. Subsequerto filling of thecrucible,it is insertednto theboronnitride ovenbody; after
aMo endplughasbeeninsertedn backandaMo nozzle(about5 mmlongwith 1.2mmorifice)in
front to limit conductancef vaporout of the ovenat the operatingtemperatureWith this chage
configurationanda heaterpower level of 22 W, it wasfound that stable intensebeamsof Mo**
andMo®* could be obtainedwith ovenchage lifetimes approachingtO h. Requiredmicrowave
power levels were very low: approximately20 W for +4 and +5 chage stateproduction,and
50 W for +14. With He asa supportgasand 3x3 mm entranceandexit slits for our analyzing
magnet(requiredto resol\e the individual Mo isotopes)total beamcurrentsin the rangeof 1-5
1A could be obtainedfor chage statesup to +16. Only Mo ions of mass98 amu, comprising
aboutone-quarteof the naturalabundancg8], wereusedfor the preseninvestigation.

Molybdenumions are extractedfrom the ion sourceat 10 kV and massanalyzedby a 90°
bendingmagnet. Componentof the ion beamproducedby chage exchangereactionsalong
the few-meterbeamlinebetweenthis massanalyzerandthe collision volume are eliminatedby

a parallel-plateanalyzer(chage purifier) just before enteringthe collision volume, where the
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ion beamis crossedoerpendicularlywith an electronbeam. A double-focusingnagnetlocated
downstreanof the collision volumeseparatethe productMo@t1+ jonsfrom the primary Mo?*
ion beam,deflectingthe productions through90°. The productions are then electrostatically
deflectedd0° out of the planeof the magneticdispersionandonto a channelelectronmultiplier.
The primary molybdenumions are collectedby one of three Faradaycups (two are movable)
shovn in Fig. 1. The cup usedandits position dependon the chage ratio of the primary and
productions. For theMo** andMo®* measurementshe middle Faradaycupwasused.

The electronbeamis generatedasfollows. Electronsfrom an indirectly heatedcathodeare
electrostaticallfocusednto abeam.An immersionlensdravstheelectronsrom thecathodento
afocusanda cylinder-aperturgrectangulageometry)ensmakesthe beamparallel[9]. Thegun,
collision volume andcollectorare magneticallyshieldedto reducefields in theseregionsto less
than40 mG. After passinghroughthe collision volume,the electronsaredrivenby a trans\erse
electricfield onto a collectorplate coveredwith metal‘honeycomh’ The electroncurrentto the
box surroundingthe collision volumeis lessthan 1% of the total collectorelectroncurrent. For
electronenegieslessthan150eV, afractionof the electroncurrentpassinghroughthe collision
volumestrikesashieldingelectrodebetweerthecollision volumeandthecollector Electronbeam
profile measurementdemonstratéhat someof the electronsstriking this shieldpassthroughthe
ion beam.Thus,themeasuree@lectroncurrentis takento bethesumof thecurrentgo thecollector
andthe shield. The electronbeamis choppedat 100 Hz during dataacquisitionby applyinga
square-vave voltageto the extractionelectrodeof thegun.

Thedifferentialdistributions(profiles)of theelectronandion beamsn theplaneperpendicular
to both beamsare measuredisinga stepping-motodriven L-shapedoeamprobewith coplanar
slits, each0.15 mm wide. Combinationsof thesecurrentprofiles are integratednumericallyto

obtainthe ‘form factor’, the geometridermquantifyingthe overlapof thetwo beamq9].

B. Cross sections and uncertainties

Theabsolutecrosssectionsaredetermined10] from the measurementssing
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whereo (F) is theabsolutecrosssectionat the centerof-masselectron-impacenegy £, R is the

o(E) =

production countrate, /; and, aretheincidention andelectroncurrentsge is the chage of the
incidentions, v; andv, arethe incidention and electronvelocities, F is the form factorthatis
determinedrom thetwo beamprofiles,andD is the detectionefficiency for the productionsthat

we estimatedo be 98% [11].

1. RESULTS

Absolutetotal crosssectionsfor electron-impacsingleionization of Mo** and Mo®* were
measuredrom below the ground-statehreshold€o 500 eV. Heatingof the electroncollectorled
to pressurdoading of the apparatust higherelectronenegiesand currentsandthus prevented
extending the measurementbeyond 500 eV. Calculationswere performedover the sameen-
ergy rangefor directandtotalionizationusingthe configuration-aeragedistorted-vave (CADW)
method[12]. For theseions,the effectsof enegy-level splitting within the configurationsjnter-
ferencebetweerthe directandindirectchannelsandradiative stabilizationof autoionizingstates
areall assumedo be small. Direct ionization of electronsfrom the 4d, 4p and4s subshellss
included, using calculatedthresholdsgiven in Tablel. The transitionsto autoionizingconfigu-
rationsincludedin the calculationof the total ionizationcrosssectionaregivenin Tablell, with
configuration-gerageexcitationenegiesandcalculatedxcitationcrosssectionsatthreshold.The
requiredboundradial orbitalsandenengy eigervalueswereobtainedusingCowan’s Hartree-eck

atomicwavefunctioncode[13].

A.Mo*t

Measuredandcalculatedabsolutetotal crosssectiongor electron-impacsingleionizationof
Mo** areshavnin Fig. 2. Pointsrepresenieasurementthedashedurve representthe CADW

calculationgor directionizationfrom the 4p%4d? groundstate,andthe solid curve representshe
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theoreticakesultsfor all relevantprocessegdirectionizationplus excitationautoionization).The
experimentaldataarealsopresentedn Tablelll.

The error barsshown in Fig. 2 arerelative uncertaintieonly and are displayedat the one-
standard-déation level. Relatve uncertaintiegarecomprisedf countingstatisticaluncertainties
in themeasurementnda 2% uncertaintyfrom form factorvariations.Theserelative uncertainties
arealsolistedin Tablelll. In additionto therelative uncertaintiesthereareanumberof systematic
uncertaintiesassociatedvith: absolutevalue of the form factor (4%); transmissiorof product
ions to the channeltron(4%); signalion detectionand pulse transmission(5%); measurement
of electronandion currents(2% each);and electronandion velocities (1% each). Theseare
combinedn quadraturavith eachotherandwith therelative uncertaintiesnultiplied by acoverage
factorof 2. Thisyieldsthetotal uncertaintyshovn in parenthesem thelastcolumnof Tablelll.
This expandedotal uncertaintyis estimatedo be comparabldo a 90% confidencdevel. As seen
in thetable,the expandedotal uncertaintynearthe peakof the crosssectionis typically 9%.

The measuredtrosssectionsare about20% higherthanthe calculationsnearthe peak, but
thedifferenceis only about10% at 225eV andjust afew percentat enegiesabove 250eV. This
comparisornindicatesthattheratio of indirect (excitationautoionization}o directcontributionsis
about3.6 nearthe peakof the measurearosssections.

Sincethemeasuredrosssectiondelown theground-statéonizationthreshold14] of 54.49eV
arezerowithin the experimentaluncertaintywe concludethatno measurablamountof metasta-

bleswaspresenin the Mo** ion beam.

B. Mo>t

Figure3illustratesthemeasure@ndcalculatectrosssectiongor Mo®* from 30eV to 500eV,
andagainthe experimentalresultsarealsopresentedn TablelV. Uncertaintiesareaccountedor
thesameasin thediscussiorabove for Mo**, andthe notationsandusagen Fig. 3 is thesameas
thatfor Fig. 2.

Theinner shell excitationsincludedin the total ionization calculationsljisted in Tablell, are



thesameasfor theMo** caseexceptthatthe4p — 5p transitionis notincludedsinceit lies belowv
the ground-statéonizationthresholdfor Mo®*. The CADW resultsarein goodoverallagreement
with the measurementslthoughthe experimentalcrosssectionsare approximatelyl 5% larger
nearthe peak. Above 200 eV, the experimentandtheorydiffer by only a few percentandagree
well within thetotal uncertaintyof themeasurements.

For this ion the comparisorof theoryandexperimentindicatesthat nearthe peakof the mea-
suredcrosssectionstheratio of indirect(excitationautoionization}o directcontributionsis about
10.2, nearlyidenticalto the ratio of 10.5estimated4] for the Zr3* measurementsNot surpris-
ingly, the shape®f the crosssectioncurvesarealsovery similar for Mo®* andZr3+. Comparing
theindirect-to-directratiosfor the Mo** andMo®* measurementsye notethatthe relative con-
tribution of excitation autoionizationncreasessthe numberof electronsn the outersubsheliis
reducedrom two to one,aswasshaown [6] for thecaseof Krt (4s24p?) andKr®* (4s24p).

Nonzerocrosssectiondetweer80 eV andthe ground-statéonizationthreshold14] of 68.83
eV indicatea populationof metastablévlo®* ionsin theincidentbeam. Sincethe ionizationpo-
tential for the 4p°5s configurationis 54.0 eV [14], anothermetastableconfigurationmustalso
contributeto the measurearosssectionsmostlik ely the4p°4d? configuration Becausdessthan
one-halfof the statedn this latter configurationarequartetsandbecauseherelative populations
of thetwo metastableonfigurationsareunknownn, a configuration-aeragecalculationfor ioniza-
tion of thesemetastabléonswasnot appropriate However, we estimatedhe metastabldraction
of the Mo®* beamusinga least-squarefit to o;(F) = (A;/EI;)In(E/I;) for the groundand
metastablerosssectionswhere A; is aconstant,/; is theionizationpotential,andthe subscript
j denoteseitherthe groundor metastableonfigurations.This functionalform is the sameasthe
Lotz [15] formulation, exceptthatthe constanterm A; is determinedby a fit and not setequal
to 4.5 x 10~*q cm? eV?, wheregq is the numberof electronsin the outersubshell. Hence,the
‘overall’ enhancemendf ionization crosssectionby excitation autoionizationcan be included.
Theleast-squarefit producedvaluesof (1.43 +1.69) x 10~'* cm? eV? and(46.1 +0.3) x 1074
cm? eV? for A, and A,, respectiely, with a fitted metastablehreshold/,, of 29.4eV. These

numbersyield a metastabldraction of 0.030 & 0.035 for the Mo®* ion beam. In contrastusing
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the unmodifiedLotz [15] formula coeficient for the metastablecrosssection(assumingdirect
ionizationof two 4d subshelklectronsvith anionizationpotentialof 29.4eV) andcomparingthe
predictionwith the measured/aluejust belon the groundstateionizationthreshold,onewould
estimatehe metastabldractionto beabout0.15. Thisis probablyanoverestimatesincethe Lotz
formulais known to significantlyunderestimatéhe total ionizationcrosssectionof multichaged
ions, particularlywhenexcitationautoionizatioris important.
Withoutanappropriatecalculationfor indirectionizationof the metastabléonsanddueto the
large uncertaintyin the metastabldraction, we feel that subtractiorfrom the measuredlataof a
fitted curve representinghe metastableontribution would beinappropriate However, we do note
thatthe contritution from the metastabléonsmayaccountor muchof thedifferencebetweerthe

measurearosssectionsaandthosecalculatedor groundconfigurationons.

IV.RATE COEFFICIENTS

For mary applicationssuchasplasmamodeling,it is usefulto reportMaxwellian rate coefi-
cientsfor theprocessnvestigatedTableV listsratecoeficientscalculatedrom our presentross
sectionmeasurementssinga methoddescribecelsavhere[16]. In addition,the ratecoeficients
werefit with Chebyshe polynomialsof thefirst kind 7,,(x) to enablethe userto calculatethem
for ary temperaturén therangel0'K < 7' < 10°K:

o) = T2 1T Y 0,75 () @)

j=0
wherel! is theionizationpotential. The coeficientsa, - - - a1 givenin TableVI reproducdherate
coeficientsto within 2% overthetemperaturgange4 x 10*K < 7' < 10°K. Theratecoeficient

a(T) canbeexpressedsimply as
1
o(T) = 5Tl/Qe—f/’cT(b0 — by) (3)
with the coeficientsb, andb, calculatedusingClensha’s algorithm[17]:

bj = 2xbj11 — bjto + a; j=0,1,2...10 ()



whereb;; = b;; = 0 andthereducecdenegy z is givenby

log,y T — 6
p= 20 T2 (5)
2
V. SUMMARY

Absolutetotal crosssectionsfor electron-impacsingle ionization of Mo** and Mo®* ions
weremeasuredisingthe ORNL crossed-beamapparatuswith typical total uncertaintieof 9%.
The crosssectionswere also calculatedusingthe CADW methodwith both direct andindirect
processeicluded. Measuredand calculatedvaluesare in good agreementand excitation au-
toionizationis foundto enhancehe crosssectionby factorsof 3.6 (Mo**) and10.5(Mo°*) near
the crosssectionpeaks. A metastabldraction of a few percentwasindicatedfor the Mo®* ion

beam:anabsencef metastablesasinferredfor the Mo** ion beam.
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TABLES

TABLE |. Configuration-gerageionizationpotentialsfor Mo** andMo®*.

lon Configuration Subshell lonizationpotential(eV)
Mo*+ 4524p54d> 4d 533
4p 94.1
4s 1263
Mo+ 4524pS4d 4d 68.5
4p 1098
4s 1428

TABLE Il. Excitationcrosssectionsor Mo*+ andMo®* in the groundconfiguration.Theseconfigu-
ration-areragedistorted-vave calculationsvereusedin thetheorycuresof Figs. 2 and3. Only transitions
whoseaverageexcitationenegieslie above theionizationpotentialareincludedin the calculations.

Averageexcitationenegy (eV) Crosssectionatthreshold(10~ '8 cm?)

Transition Mo+ Mo®+ Mo*+ Mo°+
dp — 4f 70.2 75.2 12.3 144
dp — Bp 58.6 - 17.9 -
4p — 5d 69.0 76.1 8.8 7.3
dp — 5] 79.0 87.9 5.2 4.6
dp — 6p 74.3 83.3 3.7 3.1
4p — 6d 78.8 89.0 2.6 2.0
dp — 6f 837 95.8 2.5 2.0
4s — 4d 718 731 9.3 9.2
4s — 4f 1024 107.9 1.1 14
4s — bHs 83.6 88.9 2.3 2.3
3d — 4d 2344 237.3 1.0 1.2
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TABLE lll. Experimentallymeasureébsolutdotal crosssectiondor electron-impacsingleionization
of Mo**. Therelative uncertaintiesare at the one-standard-d@tion level; the expandedtotal uncertain-
ties (givenin parenthesesjreat a high confidencdevel correspondindgo 90% confidenceor the relative
uncertainties.

E o
(eV) (1018 cn?)
44.4 ~1.32+ 3.23 (6.47)
49.3 3.23+ 1.57 (3.14)
50.7 2.374 0.84 (1.69)
54.3 1.13+ 2.30 (4.60)
55.7 4.33+ 0.62 (1.29)
59.1 14.78+ 1.32 (2.90)
60.6 24.63+ 0.86 (2.66)
65.6 37.85+ 1.06 (3.76)
68.9 34.234 1.57 (4.21)
70.6 48.33+ 1.11 (4.54)
75.5 62.87+1.24 (5.72)
78.6 64.86+ 2.55 (7.37)
80.4 67.46+ 1.23 (6.06)
85.4 70.83+ 1.40 (6.45)
90.4 73.46+ 1.31 (6.57)
95.3 73.90+ 1.32 (6.61)
98.1 72.70+ 1.57 (6.74)
1003 71.31+ 1.24 (6.35)
1052 72.61+ 1.55 (6.71)
1102 70.80+ 1.26 (6.33)
1152 74.41+ 1.45 (6.76)
1202 72.39+ 1.34 (6.51)
1253 63.83+1.23 (5.78)
1300 62.67+ 1.17 (5.65)
1402 63.81+ 1.24 (5.79)
1473 58.74+ 2.25 (6.59)
1503 60.06+ 1.14 (5.43)
1601 60.32+1.22 (5.52)
1701 57.73+ 1.17 (5.28)
1752 57.28+ 1.14 (5.22)
1802 56.58+ 1.21 (5.24)
1902 56.16+ 1.15 (5.15)
2003 54.81+ 1.08 (4.98)
2253 51.48+ 1.17 (4.82)
2503 4591+ 1.11 (4.37)
2753 43.73+ 1.03 (4.14)
3003 40.84+1.00 (3.90)
3254 38.92+1.12 (3.90)
3505 36.75+ 1.01 (3.62)
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3755
4005
4254
4505
4755
5004

35.66+ 1.01
34.61+ 1.04
33.14+ 0.93
33.26+ 0.97
31.14+ 0.96
30.36+ 0.87

(3.55)
(3.52)
(3.29)
(3.35)
(3.20)
(3.04)
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TABLE 1V. Experimentallymeasure@bsolutgotal crosssectiondor electron-impacsingleionization
of Mo®*. Therelative uncertaintiesare at the one-standard-d@tion level; the expandedotal uncertain-
ties (givenin parenthesesjreat a high confidencdevel correspondindgo 90% confidenceor the relative
uncertainties.

E o
(eV) (1018 cn??)
30.7 1.32+ 3.34 (6.69)
331 2.624 3.33 (6.65)
35.6 2.924 3.00 (6.00)
381 7.42+2.75 (5.53)
40.7 5.18+ 2.00 (4.01)
45.8 5.92+ 3.26 (6.53)
50.8 5.414 3.11 (6.23)
55.8 7.49+ 232 (4.70)
60.7 6.60+ 1.38 (2.81)
63.2 5.37+ 1.26 (2.57)
65.7 452+ 1.24 (2.52)
68.2 5.474 1.12 (2.29)
70.7 6.70+ 0.74 (1.58)
726 5.37+ 1.33 (2.69)
73.3 8.19+ 2.25 (4.54)
74.6 1191+ 1.78 (3.68)
75.8 19.05+ 2.14 (4.55)
76.6 16.98+ 1.85 (3.96)
785 23.89+ 1.67 (3.88)
795 28.00+ 1.96 (4.54)
80.5 31.51+1.09 (3.37)
815 27.90+ 1.83 (4.31)
83.2 33.70+ 1.40 (3.93)
855 34.04+ 1.16 (3.62)
90.5 37.79+ 1.05 (3.75)
95.4 40.53+1.34 (4.27)
1004 40.84+1.00 (3.90)
1053 40.98+ 1.23 (4.15)
1104 42.38+ 1.02 (4.03)
1153 41.55+ 1.07 (4.02)
1204 42.14+ 0.95 (3.94)
1305 40.07+ 1.49 (4.43)
1404 39.06+ 1.32 (4.15)
1503 38.744 1.20 (3.98)
1602 38.15+ 1.16 (3.90)
1702 37.294 1.13 (3.80)
1800 36.44+1.16 (3.78)
1900 35.29+ 0.98 (3.49)
2002 34.49+ 0.76 (3.20)
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2254
2504
2754
3004
3254
3505
3756
4005
4255
4505
4755
5005

34.86+ 2.41
34.17+ 2.37
30.91+ 2.01
29.52+1.71
28.47+ 1.68
28.13+ 1.56
27.90+ 1.45
23.65+ 181
24,10+ 1.48
22.60+ 1.81
20.28+ 1.74
21,72+ 1.24

(5.61)
(5.51)
(4.75)
(4.19)
(4.09)
(3.88)
(3.69)
(4.10)
(3.55)
(4.07)
(3.85)
(3.06)

TABLE V. Maxwellian rate coeficients (in units of cm?/s) for the ionizationof Mo** andMo®* at

selectedraluesof 7' (in K) calculatedrom the measuredrosssectiongseetext).

Electrontemperature

lonizationratecoeficientsa (cm?’/s)

T(K) Mo*+t Mo+
1.0 x 10* 1.62x 103! 2.14x 10724
2.0x 10! 2.68x 10°20 8.33x 10717
4.0 x 10* 1.21x 104 5.63x 1013
6.0 x 10* 1.35x 10 12 1.10x 10 11
8.0 x 10t 1.71x 1011 4.92x 10~
1.0x 10 8.34x 10711 1.25x 10710
2.0x 10° 2.23x 1079 1.24x 1079
4.0x 10° 1.16x 10°8 6.12x 1079
6.0x 10° 1.96x 10°8 1.10x 10°8
8.0x 10° 2.51x 1078 1.47x 10°8
1.0x 10° 2.88x 1078 1.74x 1078
2.0x 10° 3.59x 1078 2.38x 1078
4.0x 10° 3.63x 10°8 2.66x 108
6.0x 10° 3.44x 10°8 2.71x 108
8.0x 10° 3.24%x 10°8 2.70x 108
1.0 x 10° 3.08x 1078 2.67x 1078
2.0x 107 2.51x 1078 2.49x 108
4.0 x 107 1.97x 1078 2.22x 1078
6.0 x 107 1.69x 10°8 2.04x 108
8.0 x 107 1.52x 10°8 1.91x 10°8
1.0 x 10 1.39x 1078 1.80x 1078
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TABLE VI. Rate-codfcient fitting parametersAll parametersirein unitsof 10713 cm? K—1/2 571,
Ratecoeficientsin therangel0* K < 7' < 10® K maybecalculatedusingtheseparameters a Chebyshe

polynomialexpansionor throughClensha's algorithm(seetext).

Fitting parameter Mo*+ Mo+
ag 524,768 287613
ai —-197.815 —-108332
as —145226 —25.2187
as 62.6551 —23.5501
ay 101424 44,1255
as —85.1852 —0.335764
ag —9.49660 —20.5757
ar 47.5461 3.19604
as —23.9673 9.78014
ag —10.7326 —1.62661
aio 124024 —3.16169
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Fig. 1 Electron-ioncrossed-beamexperimentalapparatusSeetext for anexplanation.

19



80 I | I I I I

60 —

40 —
B % 2y

20 —

o
$.
e+Mo4+—> e+M05++e
&
] | ] | ] | ] | ]

0 100 200 300 400 500
Electron Energy (eV)

Cross Section (10'18 cm® )

)
~

Fig. 2 Absolutecrosssectionsasa function of electron-impacenegy for singleionization
of Mo**. The presentexperimentalresultsareindicatedby the solid circleswith relative uncer
taintiesat the one-standard-deation level. The curvesare the resultsof configuration-aerage
distorted-vave calculations:dashedcurve, direct ionization only; solid curve, directionization
plusexcitation-autoionization.
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Fig. 3 Absolutecrosssectionsasa function of electron-impacenegy for singleionization
of Mo®*. The presentexperimentalresultsareindicatedby the solid circleswith relative uncer
taintiesat the one-standard-deation level. The curvesare the resultsof configuration-aerage
distorted-vave calculations:dashedcurve, direct ionization only; solid curve, directionization
plusexcitation-autoionization.
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