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Forcollision energiesbelow25 keV/amucrosssectionsfor thetransferof up to 4 electronsin single collisions

betweenmultiply chargedions andneutralatomsandmoleculesareapproximatedby empiricalscalinglaws.Within
a ±35%margin of error two third of altogether268 measuredcrosssectionscoincidewith thepredictedvalues.

Aside from purelyintrinsic interest,the importance fewkeV to about 100 keV. Theabsoluteexperimental
of chargetransfercollisions betweenmultiply charged errorsof thecrosssectionsareestimatedto bewithin
ionsandatomsfor severalfields of applicationhas ±30%.
beenincreasinglyrecognized[1, 2]. Especiallyfrom Althoughnot everypossibleprojectile-targetcolli-
controllednuclearfusion researchurgentdataneeds sionsystemhasbeeninvestigatedthe following consi-
arousedin connectionwith radiativeenergyloss, derationsarebasedon altogether268 different cross
neutralbeaminjection as well as plasmaproperties sectionfunctions.
and their diagnostics[3]. Evenmorerecently,the Accordingto thetheoriesof OlsonandSalop[8]
conceptionof heavyion inducedfusion hasstressed and of PresnyakovandUlantsev[9] the one-electron
againtheneedof crosssectionsfor chargetransfer capturecrosssectionsa~_1shouldnotsignificantly
collisions [4]. dependon theimpactenergyin therangebelow

During thelastyearsresearchactivities,bothex- 25 keV/amu.Thishasbeenapprovedin manyexperi-
perimentalandtheoretical,were startedtowards mentsnot only for singleelectronbut also for multiple
studyingchargechangingcollisionsof multiply charged electroncapture[10—15].Furthermore,for i � 4 the
ionsin the impact energy rangebelow 25 keV/amu electroncapturecrosssectionsare nearlyindependent
[5—7].Up to now,however,oneis still far from a of theprojectile ion speciesandshouldonly depend
detailedphysicalunderstandingof singleelectroncap- on the initial chargestatei[8, 9; 5, 11, 15].
ture not to speakat all of multiple electrontransfer. With thesebasicfeaturesof thecrosssections
In order to go round thecomplextheoreticaldifficulties ~ k in mind, a scalinglaw for theenergy rangebe-
it seemedto beusefulthereforeto look for empirical low 25 keV/amushouldbe a functiononly of the
scalinglawsdescribingmeasuredcrosssectionsfor initial chargestatei, the numberof capturedelectrons
thecaptureof electronsin ion-atomcollisions. k, and propertiesof thetargetparticle.Forinitial pro-

Forthis purposewe havesystematicallyinvestigated jectile chargesi � 10 Presnyakovand coworkers[9, 16,
thedependenceof chargetransfercrosssections, 17] havegiven a verysimple theoreticalapproximation0i,i—k on theinitial chargestateI of theprojectiles, for theone-electroncapturecrosssections~
the numberk of electronstransferredandthe projectile = 2 .2 ‘E j,~2 1
energy.The projectilesusedwere raregas ionsNel+, G~,j_

1 Ira0 k Ry’ I

Ar’~,Kr’~andXe’~in chargestatesi between2 and wherea0 = 0.53 A is theBohr radius,ERy = 13.6eV
8; thetargetswere therare gasesHe, Ne, Ar, Kr, Xe is the Rydbergenergy,and!denotesthe ionization
and themoleculargasesH2, N2,02,CH4, CO2.The potentialof the targetparticle.Formula(1) which
numberk of transferredelectronsrangedfrom k = 1 needsaminimum of informationaboutthe specific
up to k = 4. The laboratoryimpact energyvariedfrom chargetransferprocessshowssurprisinglygoodagree-

mentwith outexperimentaldataand thuswe were
* Work supportedby theGesellschaftfür Schwerionenforschung encouragedto fit all measuredcrosssectionswitha

(GSI), Darmstadt. slightly modifiedbut still mosteasyfit function
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Table 1
Least squareadjustedfit parameters(togetherwith theirasymptoticstandarddeviations)for thecrosssectionscalinglaws

0i,j_k=Ak. . (1[eVl)~cm~; k= 1,2,3,4

k numbern Ak
of cases

1 107 (1.43±0.76)x 10—12 1.17 ±0.09 —2.76 ±0.19
2 77 (1.08±0.95)x 10—12 0.71 ±0.14 —2.80 ±0.32
3 50 (5.50 ±5.8) x iO~’

1 2.10 ±0.24 —2.89 ±0.39
4 34 (3.57±8.9) x 10—16 4.20 ±0.79 —3.03 ±0.86

I I I I I I I

~i,i—k Ak ~ k j~k k= 1 4 (2) 3OkeV Xe’~ Kr

1o14 . ~ o_o__o_.with Ak, ak and13k beingfree parameters. 0~
, VIn thebeginningof the dataanalysisin eq.(2) the

first ionization potentialI of the targetparticlehad 2 •.—
a

beenreplacedby ‘Ok’ the energyneededto releasek
electronsfrom the target.Thischangehoweverdid not E ~16

.~ 10improvethe fit resultsand thereforethe quantityIwhich is well known for all targetatomsandmolecules ~ k~1 ~wasgivenpreferenceto 10k~ b - v k=2
The results of the regressionanalysisare given in . k=3

A k4
table I showingthe fit parametersAk,~k andPk to- i018

2 4 6 8
getherwith their asymptoticstandarddeviations.For
anexampleof the fit quality figs. 1 and 2 compare INITIAL CHARGE STATE i

crosssectionscomputedfrom the scaling law (2) using Fig. 2. Electron capturecrosssectionsfor 30 keV Xe’~ions

the parametersfrom table 1 and measuredcrosssec- incident on Kr. Thesolid lines arecomputedwith eq.(2) using

tionsfor 30 keV Ar’~ions incident on Xe and 30 keV theparametersof table 1 togetherwith theionizationpotential

Xe’~ions incidenton Kr, respectively.The agreement ‘Kr = 14.0 eV.

betweenexperimentand empitical scalinglaw canbe
30 keV Ar’ — Xe seento be fairly good.

—14 __2..-—_~~ In order to get a moreobjectivejudgementof the
10~ 00

applicability of formula (2) ratios

~ - = ~ k103i_k
—S

—16 of the experimentalcrosssectionsand the according
E 10 - /~ - scalinglaw valueshavebeencalculated.The index v

numbersthe individual ratios.The frequencydistribu-
ok=1

- ~ k=2 - tion of thevaluesQ~in intervals(x— 0.05,x + 0.05)
b ~3 with the middlesx = 0.0, 0.1 0.2 2.1 is shown in

4k=4 -

__________________________ fig. 3. Obviously the valuesQ~)are distributedwith
2 4 6 8 a singlemaximumaroundthe ideal valueQ = 1 .0 where

INITIAL CHARGE STATE experimentandfit formula coincide.
The standarddeviations of the total frequency

Fig. 1. Electroncapturecrosssectionsfor 30 keV Ar’~ions
distribution(altogethern = 268 cases)is givenby s =

incident on Xe. Thesolid linesarecomputedwith eq.(2)
usingthe parametersof table 1 togetherwith the ionization 0.43. The standarddeviations5k of thoseratios
potential‘Xe = 12.13 eV. wherethenumberof transferredelectronsis fixed and
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Forpracticaluse it is of greatinterestto know
whetherandhow far formula(2) canbe appliedto

o k:4 initial chargestates1>8.
~ k $ In thecasek = 1 (one-electroncapture)an extra-
•k~2

< 10 -

C., • k=I polationmay be justifiedby the obtainedratherclose

agreementbetweentheextractedfit parameters~i =U- 1.17±0.09,$i = —(2.76±0.19)andthe corresponding0 dependencesobtainedin theoreticalapproachesto the
w

________ problem.While eq.(1) gives a i2-dependenceof u~i—i’
2 ______

thetheoryof Olsonand Salop [8] predictsa nearly~ 5.z
lineardependenceof ~i, tot = ~k 0i,i~kon i. The latter

_____________________________ is in good agreementwith ~i aslong as0iil represents
0z

the largesttermin thesum. TheI-dependenceobtained
empirically with /~iis somewhatstrongerthanthat in

0 . ‘‘ the theoriesof Olsonand Salop(°itot .~ 11) and of
0 uS 1.0 1.5 2.0

/ in PresnyakovandUlantsev(°~~i 1—2).
a_k, 01,i-k

In the caseswith k> 1 (multipleelectroncapture)
exp fit -

Fig. 3. Frequencydistribution of ratiosa~i—k’°U—kin inter- the questionof extrapolationof eq.(2) is muchmore
vals(x — 0.05,x + 0.05)aroundx = 0.0, b.i, O.~,... 2.1. The opensincethereis nogeneral theoreticalapproachat
numberof electronstransferredin a single ion-atomcollision all. In particularit would be interestinghavingk = 2
is denotedby k. The total numberof casesis n = 268.

andk = 3 crosssectiondatafor initial chargestates
beyondthe regionpresentedhereto seewhetherthe

equalsk aregivenby: curve crossingbetween0ii—2 and ~
1i~3 which is to

be expectedfrom figs. 1 and 2 for somehighervalue
s1 = 0.38 (n = 107); s2 = 0.43 (n = 77) of ireally comestrue. It is known [18] that in few

specific casesthecaptureof k + 1 electronsis at least
0.38(n = 50); s4 0.61 (n = 34) aslikely as the captureof k electrons(see also a32

This implies that for eachk about2/3 of all experi- and a31 in fig. 2), however,thegeneralcrossingof
mentalcrosssectionslie within a ±35%marginof error

0ii2 anda~~_
3inferredfrom eq.(2) for i ~ 9 would

aroundthevaluepredictedby the scalinglaw (2). be a novel featureof multiple electroncapturecross
In the interval aroundx = 0.0 thereare 4 casesof sections.

Q~).All thesebelongto crosssectionsfor endothermal
chargeexchangereactions.Forsuchprocessesit is The authorswould like to thankProfessorB. Fricke
known that electroncaptureis muchless likely than for stimulatingdiscussions.Computertime hasbeen
in exothermalreactions.Thereforeformula(2) cannot providedby the Zentrumfür Datenverarbeitungder
be applied,in general,to endothermalelectrontransfer. Justus-Liebig-UniversitàtGiessen.

For exothermalelectroncapture(n = 264)the largest
observeddeviationbetweenexperimentandthe scaling
formula(2) isless thana factor of 10.Obviously, the References
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