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Abstract

Absolute total crosssectionsfor electron-impactsingle ionization of Mo
���

and

Mo
� �

ions have beenmeasuredusinga crossed-beamstechniquefrom below the

ground-stateionization thresholdto 500 eV with typical total uncertaintiesof 	�

nearthepeakof thecrosssections.Molybdenumion productionin thesourcewas

facilitatedby a mini-oven sublimatingMoO� . The measuredcrosssectionsarein

goodagreementwith distorted-wavecalculationsandaredominatedby contributions

from excitationautoionization.Nonzerocrosssectionsbelow thethresholdfor ion-

izationof Mo
� ��������������

ground-stateionsindicatethatmetastableionswerepresent

� QuantumPhysicsDivision,NationalInstituteof StandardsandTechnology
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in thebeamextractedfrom anelectron-cyclotron-resonance ion source.No evidence

of metastableionswasfoundin thecaseof theMo
���

measurements.Ionizationrate

coefficientsandfitting parametersarepresentedfor theexperimentaldata.

PACSnumber(s):34.80.Kw

TypesetusingREVTEX
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I. INTRODUCTION

Accuratecrosssectionsandratecoefficientsfor electron-impactionizationof ionsareessential

for modelinganddiagnosingbothlaboratoryandastrophysicalplasmas.Despitethewealthof data

thatexistsfor ionization[1], crosssectionsareabsentfor severalkey ionsof interestto fusionre-

searchers,mostnotablyfor heavy refractorymetals[2]. In particular, crosssectionsfor ionization

andexcitationof molybdenumionsin low to mediumchargestatesareneededfor understanding

theedgeplasmaof fusiondevicesthatusemolybdenumin plasma-facingcomponents.

In this paper, we reportabsolutetotal crosssectionsfor electron-impactsingleionizationof

Mo
���

andMo
� �

ionswith outershellconfigurationsof ������� � � ��!�� and �������"� � ��! , respectively. We

areawareof publishedexperimentalcrosssectionsfor Mo
�

[3]. Crosssectionshave beenpub-

lished[4] for Zr� � , which is isoelectronicwith Mo
� �

. To our knowledge,thereareno published

measurementsfor any ion isoelectronicwith Mo
���

.

TheionizationcrosssectionsreportedhereweremeasuredusingtheOakRidgeNationalLab-

oratory(ORNL) electron-ioncrossed-beamsapparatus.In addition,distorted-wave calculations

for directandtotal ionizationarepresentedandcomparedto themeasurements.

II. EXPERIMENT

TheexperimentalmethodandORNL crossed-beamsapparatushave beendescribedin detail

elsewhere[5,6], so only a brief overview will be presentedhere. A schematicdrawing of the

apparatusis shown in Fig. 1. A recentmodificationto theECRion sourceto enableproductionof

intense,stablebeamsof metalionsis discussedin somedetail.

A. Ion and electron beams

TheMo ion beamsusedin thepresentexperimentwereproducedusingamini-oven[7] which

is incorporatedinto theendof thecentralelectrodeof thecoaxialmicrowaveinjectionwaveguide,

locatedimmediatelyadjacentto themainplasmastageof theECRsource.Theovenconsistsof a
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hollow boronnitridebodywith machinedgroovesinto whicharewoundabouttenturnsof 0.5mm

diameterTawire. Theboronnitridesourcebodyplusheatercoil is surroundedby acylindrical Mo

heatshield15 mm in diameterandroughly50mm in length,whichalsoservesasthetermination

of the15 mm diametercoaxialelectrode.Themaximumtemperatureattainablewith this ovenis

about # $�%'&)( C, requiringa heaterpower of about85 W. While sufficient for directevaporationof

many metallicspecies,includingPb,Au, Fe,andNi it is clearlyinsufficient for directevaporation

of Mo, which requirestemperaturesin excessof $'&'&'& ( C to reachthe #�&)* � Pa ( # &)* � Torr) vapor

pressurerangerequiredfor productionof intense,low-charge-statemetallic-ionbeams.

As a result MoO� , a volatile metal oxide powder, wasusedinstead. MoO� hasa # & * � Pa

( #�& * � Torr) vaporpressurealreadyata temperatureslightly above %'&'&�( C, which is well within the

capabilityof themini-oven. Thepowderwastampedinto anopenendedcylindrical Mo crucible

(5.7 mm o.d., 3 mm i.d., length 25 mm) arounda centralrod which is subsequentlyremoved

to maximizethe exposedpowder surfacefrom which vapor is generated.This ‘hollow charge’

techniquewasfoundby trial anderrorandgavegoodbeamintensitiesaswell asquitegoodcharge

lifetimes.Subsequentto filling of thecrucible,it is insertedinto theboronnitrideovenbody, after

aMo endplughasbeeninsertedin backandaMo nozzle(about5 mmlongwith 1.2mmorifice) in

front to limit conductanceof vaporout of theovenat theoperatingtemperature.With this charge

configurationanda heaterpower level of 22 W, it wasfoundthatstable,intensebeamsof Mo
���

andMo
� �

couldbeobtained,with ovencharge lifetimesapproaching40 h. Requiredmicrowave

power levels were very low: approximately20 W for +4 and +5 charge stateproduction,and

50 W for +14. With He asa supportgasand3x3 mm entranceandexit slits for our analyzing

magnet(requiredto resolve the individual Mo isotopes),total beamcurrentsin the rangeof 1-5

+ A could be obtainedfor charge statesup to +16. Only Mo ions of mass98 amu,comprising

aboutone-quarterof thenaturalabundance[8], wereusedfor thepresentinvestigation.

Molybdenumions are extractedfrom the ion sourceat 10 kV andmassanalyzedby a ,�& (
bendingmagnet. Componentsof the ion beamproducedby charge exchangereactionsalong

the few-meterbeamlinebetweenthis massanalyzerandthe collision volumeareeliminatedby

a parallel-plateanalyzer(charge purifier) just beforeenteringthe collision volume, wherethe
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ion beamis crossedperpendicularlywith an electronbeam. A double-focusingmagnetlocated

downstreamof thecollision volumeseparatestheproductMo -/. �10324� ionsfrom theprimaryMo. �
ion beam,deflectingthe productions through ,'&�( . The productions are then electrostatically

deflected,'&)( out of theplaneof themagneticdispersionandontoa channelelectronmultiplier.

The primary molybdenumions are collectedby one of threeFaradaycups(two are movable)

shown in Fig. 1. The cup usedand its positiondependon the charge ratio of the primary and

productions.For theMo
���

andMo
� �

measurements,themiddleFaradaycupwasused.

The electronbeamis generatedasfollows. Electronsfrom an indirectly heatedcathodeare

electrostaticallyfocusedinto abeam.An immersionlensdrawstheelectronsfrom thecathodeinto

a focusandacylinder-aperture(rectangulargeometry)lensmakesthebeamparallel[9]. Thegun,

collision volumeandcollectoraremagneticallyshieldedto reducefields in theseregionsto less

than40 mG. After passingthroughthecollision volume,theelectronsaredrivenby a transverse

electricfield ontoa collectorplatecoveredwith metal‘honeycomb.’ Theelectroncurrentto the

box surroundingthecollision volumeis lessthan # 5 of the total collectorelectroncurrent. For

electronenergieslessthan150eV, a fractionof theelectroncurrentpassingthroughthecollision

volumestrikesashieldingelectrodebetweenthecollisionvolumeandthecollector. Electronbeam

profile measurementsdemonstratethatsomeof theelectronsstriking this shieldpassthroughthe

ion beam.Thus,themeasuredelectroncurrentis takento bethesumof thecurrentsto thecollector

andthe shield. The electronbeamis choppedat 100 Hz during dataacquisitionby applyinga

square-wavevoltageto theextractionelectrodeof thegun.

Thedifferentialdistributions(profiles)of theelectronandion beamsin theplaneperpendicular

to both beamsaremeasuredusinga stepping-motor-drivenL-shapedbeamprobewith coplanar

slits, each0.15 mm wide. Combinationsof thesecurrentprofilesare integratednumericallyto

obtainthe‘form factor’, thegeometrictermquantifyingtheoverlapof thetwo beams[9].

B. Cross sections and uncertainties

Theabsolutecrosssectionsaredetermined[10] from themeasurementsusing

5



687:9<;>= ?@BAC@EDGF�H ��I
A I D

I �AKJ I �D
L
MON (1)

where 687:9<; is theabsolutecrosssectionat thecenter-of-masselectron-impactenergy 9 , ? is the

production countrate,
@EA

and
@BD

aretheincidention andelectroncurrents,F�H is thechargeof the

incident ions, I A and I D are the incident ion andelectronvelocities,F is the form factor that is

determinedfrom thetwo beamprofiles,andD is thedetectionefficiency for theproductionsthat

weestimatedto be ,'P�5 [11].

III. RESULTS

Absolutetotal crosssectionsfor electron-impactsingle ionizationof Mo
���

andMo
� �

were

measuredfrom below theground-statethresholdsto 500eV. Heatingof theelectroncollectorled

to pressureloadingof the apparatusat higherelectronenergiesandcurrentsandthusprevented

extending the measurementsbeyond 500 eV. Calculationswere performedover the sameen-

ergy rangefor directandtotal ionizationusingtheconfiguration-averagedistorted-wave(CADW)

method[12]. For theseions, theeffectsof energy-level splitting within theconfigurations,inter-

ferencebetweenthedirectandindirectchannels,andradiativestabilizationof autoionizingstates

areall assumedto be small. Direct ionizationof electronsfrom the �'! N �"� and �'� subshellsis

included,usingcalculatedthresholdsgiven in Table I. The transitionsto autoionizingconfigu-

rationsincludedin thecalculationof thetotal ionizationcrosssectionaregivenin TableII, with

configuration-averageexcitationenergiesandcalculatedexcitationcrosssectionsatthreshold.The

requiredboundradialorbitalsandenergy eigenvalueswereobtainedusingCowan’sHartree-Fock

atomicwavefunctioncode[13].

A. Mo
���

Measuredandcalculatedabsolutetotal crosssectionsfor electron-impactsingleionizationof

Mo
���

areshown in Fig. 2. Pointsrepresentmeasurements,thedashedcurverepresentstheCADW

calculationsfor direct ionizationfrom the �"� � �'!Q� groundstate,andthesolid curve representsthe

6



theoreticalresultsfor all relevantprocesses(direct ionizationplusexcitationautoionization).The

experimentaldataarealsopresentedin TableIII.

The error barsshown in Fig. 2 arerelative uncertaintiesonly andaredisplayedat the one-

standard-deviation level. Relativeuncertaintiesarecomprisedof countingstatisticaluncertainties

in themeasurementsanda $'5 uncertaintyfrom form factorvariations.Theserelativeuncertainties

arealsolistedin TableIII. In additionto therelativeuncertainties,thereareanumberof systematic

uncertaintiesassociatedwith: absolutevalueof the form factor 7 ��5 ; ; transmissionof product

ions to the channeltron7 �'5 ; ; signal ion detectionand pulsetransmission7 %'5 ; ; measurement

of electronand ion currents 7 $'5 each);and electronand ion velocities 7 #�5 each). Theseare

combinedin quadraturewith eachotherandwith therelativeuncertaintiesmultipliedbyacoverage

factorof 2. This yieldsthetotal uncertaintyshown in parenthesesin thelastcolumnof TableIII.

Thisexpandedtotal uncertaintyis estimatedto becomparableto a ,'&'5 confidencelevel. As seen

in thetable,theexpandedtotal uncertaintynearthepeakof thecrosssectionis typically ,'5 .

The measuredcrosssectionsareabout $'&'5 higher than the calculationsnearthe peak,but

thedifferenceis only about # &�5 at 225eV andjust a few percentat energiesabove 250eV. This

comparisonindicatesthattheratio of indirect(excitationautoionization)to directcontributionsis

about3.6nearthepeakof themeasuredcrosssections.

Sincethemeasuredcrosssectionsbelow theground-stateionizationthreshold[14] of 54.49eV

arezerowithin theexperimentaluncertainty, we concludethatno measurableamountof metasta-

bleswaspresentin theMo
���

ion beam.

B. Mo
� �

Figure3 illustratesthemeasuredandcalculatedcrosssectionsfor Mo
� �

from 30eV to 500eV,

andagaintheexperimentalresultsarealsopresentedin TableIV. Uncertaintiesareaccountedfor

thesameasin thediscussionabovefor Mo
���

, andthenotationsandusagein Fig. 3 is thesameas

thatfor Fig. 2.

The innershell excitationsincludedin the total ionizationcalculations,listed in TableII, are
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thesameasfor theMo
���

caseexceptthatthe �"�SR %"� transitionis not includedsinceit liesbelow

theground-stateionizationthresholdfor Mo
� �

. TheCADW resultsarein goodoverallagreement

with the measurements,althoughthe experimentalcrosssectionsareapproximately#�%'5 larger

nearthepeak.Above 200eV, theexperimentandtheorydiffer by only a few percent,andagree

well within thetotal uncertaintyof themeasurements.

For this ion thecomparisonof theoryandexperimentindicatesthatnearthepeakof themea-

suredcrosssections,theratioof indirect(excitationautoionization)to directcontributionsis about

10.2,nearlyidenticalto the ratio of 10.5estimated[4] for the Zr� � measurements.Not surpris-

ingly, theshapesof thecrosssectioncurvesarealsovery similar for Mo
� �

andZr� � . Comparing

the indirect-to-directratiosfor theMo
���

andMo
� �

measurements,we notethat therelative con-

tribution of excitationautoionizationincreasesasthenumberof electronsin theoutersubshellis

reducedfrom two to one,aswasshown [6] for thecaseof Kr
��� 7 �'� � �"� � ; andKr

� � 7 �'� � �"� ; .
Nonzerocrosssectionsbetween30eV andtheground-stateionizationthreshold[14] of 68.83

eV indicatea populationof metastableMo
� �

ions in the incidentbeam.Sincethe ionizationpo-

tential for the �"� � %�� configurationis 54.0 eV [14], anothermetastableconfigurationmust also

contributeto themeasuredcrosssections,mostlikely the �"� � �'! � configuration.Becauselessthan

one-halfof thestatesin this latterconfigurationarequartets,andbecausetherelativepopulations

of thetwo metastableconfigurationsareunknown, aconfiguration-averagecalculationfor ioniza-

tion of thesemetastableionswasnot appropriate.However, we estimatedthemetastablefraction

of the Mo
� �

beamusinga least-squaresfit to 6�T�7U9V;W= 7UXYT Z'9 @ T�;1[]\^7U9<Z @ T_; for the groundand

metastablecrosssections,where XYT is a constant,
@ T is the ionizationpotential,andthesubscript

`
denoteseitherthegroundor metastableconfigurations.This functionalform is thesameasthe

Lotz [15] formulation,exceptthat the constantterm XaT is determinedby a fit andnot setequal

to ��bc%edf# & * 0�� F cm� eV� , where F is the numberof electronsin the outersubshell.Hence,the

‘overall’ enhancementof ionizationcrosssectionby excitation autoionizationcanbe included.

Theleast-squaresfit producedvaluesof 7 # b]�'gahi#"bcj', ; dk#�& * 0�� cm� eV� and 7 �'j�bU#lhk&'b]g ; dm#�& * 0��
cm� eV� for Xan and Xao , respectively, with a fitted metastablethreshold

@ n of 29.4 eV. These

numbersyield a metastablefractionof &�b]&�g'&phq&'b]&'g�% for theMo
� �

ion beam.In contrast,using
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the unmodifiedLotz [15] formula coefficient for the metastablecrosssection(assumingdirect

ionizationof two ��! subshellelectronswith anionizationpotentialof 29.4eV) andcomparingthe

predictionwith the measuredvaluejust below the groundstateionizationthreshold,onewould

estimatethemetastablefractionto beabout0.15.This is probablyanoverestimate,sincetheLotz

formulais known to significantlyunderestimatethetotal ionizationcrosssectionof multicharged

ions,particularlywhenexcitationautoionizationis important.

Withoutanappropriatecalculationfor indirectionizationof themetastableionsanddueto the

largeuncertaintyin themetastablefraction,we feel thatsubtractionfrom themeasureddataof a

fittedcurverepresentingthemetastablecontributionwouldbeinappropriate.However, wedonote

thatthecontributionfrom themetastableionsmayaccountfor muchof thedifferencebetweenthe

measuredcrosssectionsandthosecalculatedfor groundconfigurationions.

IV. RATE COEFFICIENTS

For many applicationssuchasplasmamodeling,it is usefulto reportMaxwellianratecoeffi-

cientsfor theprocessinvestigated.TableV lists ratecoefficientscalculatedfrom ourpresentcross

sectionmeasurementsusinga methoddescribedelsewhere[16]. In addition,theratecoefficients

werefit with Chebyshev polynomialsof thefirst kind rts 7cu^; to enabletheuserto calculatethem

for any temperaturein therange10
�
K vwrxv 10y K:

z 7 r ;8= r 0|{ � H *'}
{3~�� s

T������ T r T�7cu^; (2)

where
@

is theionizationpotential.Thecoefficients � ������� � 0 � givenin TableVI reproducetherate

coefficientsto within 2% over thetemperaturerange��d�# & � K v�rGv 10y K. Theratecoefficient

z 7 r ; canbeexpressedsimplyas

z 7 r ;8= #
$ r

0|{ � H *'}
{3~�� 7U�3�a��� � ; (3)

with thecoefficients �3� and � � calculatedusingClenshaw’salgorithm[17]:

��TK= $ u���T �10 ����T � � J � T ` = & N # N $�b�b"b�#�& (4)
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where � 030 =f� 0 � = & andthereducedenergy u is givenby

u�= []�'� 0 � r � j
$ b (5)

V. SUMMARY

Absolutetotal crosssectionsfor electron-impactsingle ionization of Mo
���

and Mo
� �

ions

weremeasuredusingtheORNL crossed-beamsapparatus,with typical total uncertaintiesof ,'5 .

The crosssectionswerealsocalculatedusing the CADW methodwith both direct and indirect

processesincluded. Measuredandcalculatedvaluesare in goodagreement,andexcitation au-

toionizationis foundto enhancethecrosssectionby factorsof 3.6 (Mo
���

) and10.5(Mo
� �

) near

the crosssectionpeaks.A metastablefraction of a few percentwasindicatedfor the Mo
� �

ion

beam;anabsenceof metastableswasinferredfor theMo
���

ion beam.
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TABLES

TABLE I. Configuration-averageionizationpotentialsfor Mo
���

andMo
� �

.

Ion Configuration Subshell Ionizationpotential(eV)
Mo

��� ��� � ��� � ��� � ���
53.3���
94.1���

126.3
Mo

� � ��� � �����B��� ���
68.5���

109.8���
142.8

TABLE II. Excitationcrosssectionsfor Mo
���

andMo
� �

in thegroundconfiguration.Theseconfigu-
ration-averagedistorted-wave calculationswereusedin thetheorycurvesof Figs.2 and3. Only transitions
whoseaverageexcitationenergieslie above theionizationpotentialareincludedin thecalculations.

Averageexcitationenergy (eV) Crosssectionat threshold(10* 0 y cm� )
Transition Mo

���
Mo

� �
Mo

���
Mo

� �
���������

70.2 75.2 12.3 14.4�������E�
58.6 � 17.9 ����<�����
69.0 76.1 8.8 7.3���������
79.0 87.9 5.2 4.6�������E�
74.3 83.3 3.7 3.1���<�����
78.8 89.0 2.6 2.0���������
83.7 95.8 2.5 2.0���Y�����
71.8 73.1 9.3 9.2���a�����

102.4 107.9 1.1 1.4���K�����
83.6 88.9 2.3 2.3� �������

234.4 237.3 1.0 1.2
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TABLE III. Experimentallymeasuredabsolutetotalcrosssectionsfor electron-impactsingleionization
of Mo

���
. The relative uncertaintiesareat theone-standard-deviation level; theexpandedtotal uncertain-

ties (given in parentheses)areat a high confidencelevel correspondingto 	���
 confidencefor therelative
uncertainties.

E �
(eV) (10* 0 y cm� )
44.4 � 1.32 � 3.23 (6.47)
49.3 3.23 � 1.57 (3.14)
50.7 2.37 � 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 34.23 � 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)

100.3 71.31 � 1.24 (6.35)
105.2 72.61 � 1.55 (6.71)
110.2 70.80 � 1.26 (6.33)
115.2 74.41 � 1.45 (6.76)
120.2 72.39 � 1.34 (6.51)
125.3 63.83 � 1.23 (5.78)
130.0 62.67 � 1.17 (5.65)
140.2 63.81 � 1.24 (5.79)
147.3 58.74 � 2.25 (6.59)
150.3 60.06 � 1.14 (5.43)
160.1 60.32 � 1.22 (5.52)
170.1 57.73 � 1.17 (5.28)
175.2 57.28 � 1.14 (5.22)
180.2 56.58 � 1.21 (5.24)
190.2 56.16 � 1.15 (5.15)
200.3 54.81 � 1.08 (4.98)
225.3 51.48 � 1.17 (4.82)
250.3 45.91 � 1.11 (4.37)
275.3 43.73 � 1.03 (4.14)
300.3 40.84 � 1.00 (3.90)
325.4 38.92 � 1.12 (3.90)
350.5 36.75 � 1.01 (3.62)
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375.5 35.66 � 1.01 (3.55)
400.5 34.61 � 1.04 (3.52)
425.4 33.14 � 0.93 (3.29)
450.5 33.26 � 0.97 (3.35)
475.5 31.14 � 0.96 (3.20)
500.4 30.36 � 0.87 (3.04)
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TABLE IV. Experimentallymeasuredabsolutetotalcrosssectionsfor electron-impactsingleionization
of Mo

� �
. The relative uncertaintiesareat theone-standard-deviation level; theexpandedtotal uncertain-

ties (given in parentheses)areat a high confidencelevel correspondingto 	���
 confidencefor therelative
uncertainties.

E �
(eV) (10* 0 y cm� )
30.7 1.32 � 3.34 (6.69)
33.1 2.62 � 3.33 (6.65)
35.6 2.92 � 3.00 (6.00)
38.1 7.42 � 2.75 (5.53)
40.7 5.18 � 2.00 (4.01)
45.8 5.92 � 3.26 (6.53)
50.8 5.41 � 3.11 (6.23)
55.8 7.49 � 2.32 (4.70)
60.7 6.60 � 1.38 (2.81)
63.2 5.37 � 1.26 (2.57)
65.7 4.52 � 1.24 (2.52)
68.2 5.47 � 1.12 (2.29)
70.7 6.70 � 0.74 (1.58)
72.6 5.37 � 1.33 (2.69)
73.3 8.19 � 2.25 (4.54)
74.6 11.91 � 1.78 (3.68)
75.8 19.05 � 2.14 (4.55)
76.6 16.98 � 1.85 (3.96)
78.5 23.89 � 1.67 (3.88)
79.5 28.00 � 1.96 (4.54)
80.5 31.51 � 1.09 (3.37)
81.5 27.90 � 1.83 (4.31)
83.2 33.70 � 1.40 (3.93)
85.5 34.04 � 1.16 (3.62)
90.5 37.79 � 1.05 (3.75)
95.4 40.53 � 1.34 (4.27)

100.4 40.84 � 1.00 (3.90)
105.3 40.98 � 1.23 (4.15)
110.4 42.38 � 1.02 (4.03)
115.3 41.55 � 1.07 (4.02)
120.4 42.14 � 0.95 (3.94)
130.5 40.07 � 1.49 (4.43)
140.4 39.06 � 1.32 (4.15)
150.3 38.74 � 1.20 (3.98)
160.2 38.15 � 1.16 (3.90)
170.2 37.29 � 1.13 (3.80)
180.0 36.44 � 1.16 (3.78)
190.0 35.29 � 0.98 (3.49)
200.2 34.49 � 0.76 (3.20)
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225.4 34.86 � 2.41 (5.61)
250.4 34.17 � 2.37 (5.51)
275.4 30.91 � 2.01 (4.75)
300.4 29.52 � 1.71 (4.19)
325.4 28.47 � 1.68 (4.09)
350.5 28.13 � 1.56 (3.88)
375.6 27.90 � 1.45 (3.69)
400.5 23.65 � 1.81 (4.10)
425.5 24.10 � 1.48 (3.55)
450.5 22.60 � 1.81 (4.07)
475.5 20.28 � 1.74 (3.85)
500.5 21.72 � 1.24 (3.06)

TABLE V. Maxwellian ratecoefficients (in units of cm� /s) for the ionizationof Mo
���

andMo
� �

at
selectedvaluesof   (in K) calculatedfrom themeasuredcrosssections(seetext).

Electrontemperature Ionizationratecoefficients ¡ (cm� /s)
  (K) Mo

���
Mo

� �
1.0 ¢ 10

�
1.62 ¢ 10* � 0 2.14 ¢ 10* � �

2.0 ¢ 10
�

2.68 ¢ 10* � � 8.33 ¢ 10* 03£
4.0 ¢ 10

�
1.21 ¢ 10* 0�� 5.63 ¢ 10* 0 �

6.0 ¢ 10
�

1.35 ¢ 10* 0 � 1.10 ¢ 10* 030
8.0 ¢ 10

�
1.71 ¢ 10* 030 4.92 ¢ 10* 030

1.0 ¢ 10
�

8.34 ¢ 10* 030 1.25 ¢ 10* 0 �
2.0 ¢ 10

�
2.23 ¢ 10*�¤ 1.24 ¢ 10*�¤

4.0 ¢ 10
�

1.16 ¢ 10* y 6.12 ¢ 10*�¤
6.0 ¢ 10

�
1.96 ¢ 10* y 1.10 ¢ 10* y

8.0 ¢ 10
�

2.51 ¢ 10* y 1.47 ¢ 10* y
1.0 ¢ 10

�
2.88 ¢ 10* y 1.74 ¢ 10* y

2.0 ¢ 10
�

3.59 ¢ 10* y 2.38 ¢ 10* y
4.0 ¢ 10

�
3.63 ¢ 10* y 2.66 ¢ 10* y

6.0 ¢ 10
�

3.44 ¢ 10* y 2.71 ¢ 10* y
8.0 ¢ 10

�
3.24 ¢ 10* y 2.70 ¢ 10* y

1.0 ¢ 10
£

3.08 ¢ 10* y 2.67 ¢ 10* y
2.0 ¢ 10

£
2.51 ¢ 10* y 2.49 ¢ 10* y

4.0 ¢ 10
£

1.97 ¢ 10* y 2.22 ¢ 10* y
6.0 ¢ 10

£
1.69 ¢ 10* y 2.04 ¢ 10* y

8.0 ¢ 10
£

1.52 ¢ 10* y 1.91 ¢ 10* y
1.0 ¢ 10y 1.39 ¢ 10* y 1.80 ¢ 10* y

17



TABLE VI. Rate-coefficient fitting parameters.All parametersarein unitsof 10* 0 � cm� K * 0|{ � s* 0 .
Ratecoefficientsin therange10

�
K ¥� k¥ 10y K maybecalculatedusingtheseparametersin aChebyshev

polynomialexpansion,or throughClenshaw’s algorithm(seetext).

Fitting parameter Mo
���

Mo
� �

¦ � 524.768 287.613¦ 0 � 197.815 � 108.332¦ � � 145.226 � 25.2187¦ � 62.6551 � 23.5501¦ � 101.424 44.1255¦ � � 85.1852 � 0.335764¦ � � 9.49660 � 20.5757¦ £ 47.5461 3.19604¦ y � 23.9673 9.78014¦ ¤ � 10.7326 � 1.62661¦ 0 � 12.4024 � 3.16169
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Fig. 1 Electron-ioncrossed-beamsexperimentalapparatus.Seetext for anexplanation.
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Fig. 2 Absolutecrosssectionsasa function of electron-impactenergy for singleionization
of Mo

���
. Thepresentexperimentalresultsareindicatedby thesolid circleswith relative uncer-

taintiesat the one-standard-deviation level. The curvesare the resultsof configuration-average
distorted-wave calculations:dashedcurve, direct ionizationonly; solid curve, direct ionization
plusexcitation-autoionization.
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Fig. 3 Absolutecrosssectionsasa function of electron-impactenergy for singleionization
of Mo

� �
. Thepresentexperimentalresultsareindicatedby thesolid circleswith relative uncer-

taintiesat the one-standard-deviation level. The curvesare the resultsof configuration-average
distorted-wave calculations:dashedcurve, direct ionizationonly; solid curve, direct ionization
plusexcitation-autoionization.
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