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Positronimpact ionizationof atomichydrogen
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In recentexperimentalwork, theintegratedionization crosssectionfor positronimpactonatomichydrogenhasbeenobtained
in theenergyrangefrom thresholdto severalhundredelectronvolts. All previoustheoreticalcalculationsfor this processare
foundto lie well belowthemeasuredvalues.Within theframeworkof thedistorted-waveapproximation,weconsiderimprove-
mentsto thedescriptionof theinteractionbetweenthetwo outgoingparticles.This interactionis describedin termsof effective
chargeswhiledistortionin theincidentchannelis alsoincluded.Goodagreementis obtainedwith experiment.

1. Introduction did the classicaltrajectorycalculationsof Ohsakiet
al. [8] andWetmoreandOlson [9]. Thus,the im-

In a recentexperiment,Spicheret al. [1] deter- portantquestionarisesas to whetherthereis a fun-
mined absolutevaluesof the integratedionization damentaldiscrepancybetweentheory and experi-
crosssectionfor positroncollisions with hydrogen ment for this simple systemor whethera more
atoms.Thesemeasurementsrepresentthe crosssec- elaboratetheoretical investigationwill resolve the
tion for true ionization, that is, positroniumfor- issue.
mationis not included.The e~—Hsystemis of par-
ticular interest,as comparedto the e——H system,
since it containsthreedistinct particlesand hence 2. Theory
exchangeof identical particlesis not possible.Be-
causeof thesimplicity ofthe system,it representsan Hereweaddresstheproblemby employingmodels
ideal test for theoretical modelsof the ionization which involve a moredetaileddescriptionof the in-
process. teractionbetweenthe two outgoingparticlesandthe

Earlier measurementson positron ionization of residualion. Wetherebyprovidea morerealisticde-
heliumatomswerecarriedoutby Frommeet al. [2]. scriptionof the ionizationprocessthanwasthecase
Campeanuet al. [3] studiedthis processtheoreti- inpreviouswork. Thefreeparticlesin thefinal chan-
cally usinga numberof distorted-wavemodelswhich nel aredescribedasmovingin thefield ofenergyde-
includedthe effectsof distortionandscreeningin the pendenteffective chargessituated at the nucleus
final channel.Two of thesemodelsproducedsatis- [10,11].
factoryagreementbetweentheexperimentaldataand If the interactionpotential in the final channelis
the calculatedvalues. However,whenthesemodels describedby V~,thentheexactscatteringamplitude
were applied to the positron—hydrogensystemb~ (in atomicunits) is givenby the integralexpression
Mukherjeeet al. [4,5] theyyieldedvaluesfor thein-
tegratedionization crosssectionwhich were sub- f(k~,kf)= — (2x)5”2< P~(r,,r

2) I V~W~(r1, r2)>
stantially below the experimentalresults. Similar = — (2E)

2T~. (1)
workby Ghoshet al. [6] andHsuetal. [7] alsopro-
ducedtheoreticalresultswell below experiment,as The coordinatesof the positronare denotedby r

1,
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andthoseof the atomicelectronby r2. The incident genfunctionsof H~+ U~.We remarkthat eq. (6) is
projectilehasmomentumk1, andthereforeitskinetic exactfor anychoiceof U~.We now replacetheexact
energyis E, = ~k?, in atomicenergyunits.The scat- wavefunction ~P by a distorted wave S~(r1, r2)
teredprojectileandtheejectedatomicelectronhave which is an eigenfunctionof the distortedHamil-
momentak~,ke and energiesEf, Ee respectively. tonianHa+ U~,with some appropriatechoiceof the
Y~’~is theexactwavefunctionwith anincidentplane distortionpotential Ua. With thissubstitutionthe T-
wavein channelaandoutgoingwaveboundarycon- matrix isno longerexactandtheaccuracyofthe ap-
ditions.Similarly, b~is thewavefunctionin channel proximateT-matrixdependson theparticularchoices
~ whenthe interactionpotential is set to zero.The madefor Ua andU~.Campeanuet al. [3] foundthat
form ofthe potentialis discussedin detailbelow.The the crosssectionresultswere not very sensitiveto
integratedcrosssectionformula for positronimpact thechosenform of U. but dependedmorecrucially
on hydrogenis given in termsof the scatteringam- on U~.Herewe choose~ to be a potential thatde-
plitudeby [121 pendsonly on r1 andisthesumofthestaticpotential

1 E~—ii’ of the hydrogenatom plus the Bethe—Reehdipole
Q(E~)=— J k~ked(~k~) polarizationpotential [14]. ThusS.,~is the product

of the hydrogengroundstatewavefunctiontimesa
r r distortedwave representingthe incoming positron

X JJ If(1’e, kf) 2 dkedkf, (2) which we denoteby x1. For the final channel we
chooseU~to beof the generalform

whereIP denotesthe ionization potentialof atomic
hydrogen.Fromenergyconservationoneobtainsthe ~ — + (7)

relationship — r~ r2

k? = k~+ k~+ 2 IP. (3) wherethe effectivechargesZf andZe are independent
of thecoordinatesof theparticlesbutareallowedto

By taking theinitial channelasaandthefinal chan-
dependparametricallyon the energiesof the scat-

nel as ~3,wecandecomposethetotal HamiltonianH . . .

as teringandionizedparticles.Consequently,if 0(z, r)is the regularCoulombfunction with chargez, then
HHa+VH~i+V~. (4)

.~~(rl,r2)=Of(zf,rI)Oe(ze,ri) . (8)
Theinitial channelinteractionpotentialbetweenthe
incident positronandthehydrogenatom is givenby With theseschoicesthe T-matrx given in eq. (6)

becomes,aftersome simplification,
Va1/ril/r12, (5a)

TDW<S~IVaI~>
so that the non-interactionwavefunctionin the mi-
tialchannelis ~0exP(i1~c~’t1)Wb(1’2)whereWbisthe <Oe IWb> <OfI U~Ix1>. (9)
wavefunctionfor the hydrogenatom in its ground The first integral is the form of the T-matrix com-
state.In the final channelthe interaction involves monly usedin ionization. Wenote that the second
the freeelectronandpositronin thefield of the pro- term is zeroif Ø~is a Coulombfunction with charge
ton andhenceis givenby unity.

V~=l/r1 —1/r2— hr12 . (Sb) JetzkeandFaisal [101 haveshownthat it is pos-
sible to separatethe interactionpotentialof an N-

We baseour distorted-wavetreatmentof the ioni- particlesysteminto a sumof Coulombinteractions
zationprocesson the two-potentialform of the T- with energy dependenteffective charges in the
matrix [13], asymptoticregion. They haveusedthis form of the

T~= I V~— WB I ~b~>+ ~ I I ~‘~> . (6) interactionpotential to calculatetriple differential
crosssectionsfor the ionizationof hydrogenby elec-

Here the potential in the final channelis written as trons and positrons.Whelanet al. [11] havealso
V~=U~+W~andthe distortedwaves are theei- usedtheseeffectivechargesin their studyof electron
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ionizationof hydrogen.Wehaveadoptedthis choice _________________________________
of effectivechargesfor thepresentwork. Specifically
they are given by

(kekf)kek (l0a) ~!.

II1e~k~I3 e’

(kfke)’kf
(lOb)I11e’~fl3 ~‘ e -

We note that these chargessatisfy the Peterkop— 05

Rudge-Seaton(PRS) condition

Ze Zf Z Z 1
k+ /ç~,=k~ k — Ike~kfI (11) _________________________________________0.0 20,0 40.0 60,0 80 0 100.0 lOOM 140.0 160.0 180.0 200 0

E~(eV)

which isa rigorousasymptoticconditionthatapplies
to theionizationproblem [15,161.Wealsonote that Fig. 1. Integratedionization crosssectionfor atomichydrogen

the singularitythatoccurswhenke= kf is a reflection by positron impact.(•) Experimentalresults[1]. Theoreticalresults: (—) presentresults,EDEC; (~) ref. [9]; (— - —) ref.
in the energydomainof the singularity in the inter- [5], DW2; (- - -) firstBornapproximation.

actionpotential 1 /r~
2which occurswhen r1 = r2. This

singularity is also implicit in the PRS condition. until theyconvergedto the Born valueswithin a set
Thesesingularitiesproduceno numericaldifficulties tolerance.The Born valueswere thenused for the
in thecalculationof thescatteringamplitudesasthe higher partial wave amplitudesvia a subtraction
Coulombfunctionsarewell behavedastheeffective techniqueemploying the closedform for the Born
chargesgo to ±~. amplitudes[16]. Also shownare the experimental

In order to makethe calculationof theintegrated measurementsof ref. [1], the first Born approxi-
crosssections (2) tractable,we haveevaluatedthe mation as calculatedfrom the closedform for the
effectivechargesby assumingthatke andkf are par- scatteringamplitudesand the theoretical calcula-
allel which therebyyields tions of refs. [5,9]. Theresultsof ref. [6] are very

closeto the Born values, while the distorted-wave
Ze= — 1 + “-e (12a) calculationsof refs. [4,7] lie in the samerange as

(kf — ke) Ike — kf I thoseof ref. [5]. Theclassicaltrajectorycrosssec-
k~ tions of ref. [8] lie slightly below thoseof ref. [9].

Zf= 1 — (kf — k~) I ke— kf I (1 2b) In comparisonwith the experimentaldata,our re-
sults lie mostly within the error bars in the inter-

However, we do not carry this assumptionover to mediateenergyrange.At higherenergieswe seemto
theevaluationofthe scatteringamplitudesandcross fall below the experimentalmeasurements.How-
sectionswhich havethefull angulardependenceon ever, we expect that the ionization cross section
the directionof the particlesin the final channel. shouldapproachthefirst Born approximationin the

high energylimit. Spicheret al. took measurements
up to energiesof 600 eV andtheir valuesapproach

3. Resultsandconclusions theBorn resultsat thosehigherenergies.Thustheir

pointslocatedat approximately180 eV and200 eV
In fig. 1 weshow our valuesof Q(E1) for positron do notaccuratelyreflect the high energybehaviour

impactionizationof atomichydrogenasdetermined of the data.
by our model which wedenoteby EDEC. Wehave We note that the agreementbetweenexperiment
useda 20 pointGaussianquadraturein the energy andtheoryfor the integratedionization crosssec-
integral. The partial wave amplitudeswere calcu- tionsofatomichydrogenby positronimpacthasbeen
latedfor increasingvaluesof the angularmomenta improved by using the energy dependentcharges
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