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Abstract. Thedevelopmenbf thedescribednethodhasbeenmotivatedby studiesof the proton-atomiaoxygen
collision systemwherethe accidentaklosenes®f enegy levels makesthe chage exchangequasi-resonantn
slow collisionstheionizationchannemustcompetewith theresonanexchangechannel The presentheoretical
approachs to addtarget continuumstatesfound by solving numericallythe self- consistenfield Schrodinger
equationto the setof basisstateson targetandprojectile,asusedin closecouplingtreatmentof excitationand
exchange We have shownn that the chosentheoreticalapproachis feasibleand reportherefirst model studies
usingthenew computercode.lt is foundthatthelarge populationof theionizationchannehktthelowestcollision
velocitiesfoundin a previousstudyis notseenin the presenapproach.

INTRODUCTION

One of the main motives for this work is the proton-
atomic oxygen collision system,where the accidental
closenesf enepgy levels makes the chage exchange
guasi-resonanfThe motivation to studythis system,as
well as our previous treatmentof this systemare de-
scribedin ref. [1]. Theresultsof the latter referencefor
ionizationshovedsomeunexpectedeaturesandthe cal-
culationshave later beenperformedwith a someavhat
larger setof basisstateswithout a conclusve result[2].
In slow collisionsthe ionization channelmustcompete
with the strongestresonantexchangechannel.The sit-
uation is thusin mary respectssimilar to the proton-
hydrogencase put it hasdifferentaspectsthe mostim-
portantis thata mary electronsystems studiedandthus
further approximationsmust be done to make the de-
scriptionof themary-electronproblemfeasible.

The presenttheoreticalapproachis to addto the set
of basisstateson target and projectile,asusedin close
couplingtreatmenbf of excitationandexchange[], aset
of targetcontinuumstatesfoundby solvingnumerically
Schradingeequationwith a potentialobtainedfrom the
self- consistentield calculation.

lonizationin nonperturbatie collisionshasbeenstud-
ied in mary works, someof them quite early. In some
studiesof Greiners Group|[3], [4] the continuumwas
taken into accountby expansionover a setof real con-
tinuum states,while in the papersof Readings Group
(firstin ref.[5]), aswell ase.g.in L-shellionizationstud-
ies of Shingalet al [6], variousforms of pseudostates
areused More recentuseof pseudostates typical two-

centrecollisionsis verybroad,areview canbefounde.g.
in [7]. The presentheoreticaltreatmenis thusanalter
native or extensionof previousmethodsrepresented.g.
by thereference$3], [5].

The studiesof nonperturbatie atomiccollisionshave
becomea largefield wheremary innovative approaches
have beendeveloped.A very interestingset of ideas,
named basis generatormethod (BGM) has been ex-
plored recently by Liidde and collaborators[8]. Other
approachearebasedon purely numericalmethodsge.g.
direct numericalsolution of Schrédingerequationon a
meshof spatiallydistributedpoints,e.g.in [9] and[10].
A specialplacehasthe approactof Sidky andLin [11],
[12], wherethe meshis in themomentunspace.

Here we explore a combinationof two more tradi-
tional approachedjasedn expansionsn setsof certain
eigenstatede useawell establishe@ndtestedcoupled
channelode ,which usesatomiceigenstategandpseu-
dostates).

THE COUPLED CHANNEL CODES

The codewhich is the startingpoint of the presentwork
is PSgatcoof J.R Hanserand A. Dubois. This codeis a
recentversionof along seriesof codesstartingfrom atcc
(atomiccoupledchannelspriginally writtenin 1988-89,
latergeneralizedo gatccandmorerecentlyin themiddle
of 19905 fully includedgeneralpseudostate@Sgatcc).
The one-electrorwavefunctionis expandedin a setof
atomic or model eigenstatesTheseeigenstatesire ex-



pressedsalinearcombinationof Slaterorbitalson both
targetandprojectile.Bothdirectandexchangematrix el-
ements,are evaluatedusing Shaleshafts method[13].
The basicroutinesof the original codehave beenpub-
lishedin [14]. Thesystemof codescontainsalsoa utility
to plot the effective model molecularorbitals, which is
usefulfor thediscussiorof collision dynamics.

Sincethe setof Slatertype orbitalsis largerthanthe
setof atomicstatesthe positive enegy solutionsof the
staticproblemcanbe usedas pseudostatesepresenting
continuum,i.e. the ionization channel.A large number
of studieshasbeenperformedusing thesecodes,most
recentlye.g.[15]. andthe paper[1] mentionedasoneof
the motivesfor this work.

CONTINUUM EXTENDED COUPLED
CHANNEL CODE

The effective potentialusedto constructhe boundstates
on the target for the programPSgatcds usedto obtain
radial functionsof the continuumstatespy solving the
radial SchrodingeequationTheevaluationof matrix el-
ementds performedusingthe methoddescribece.g.in
[16]. For bound-boundcoupling of stateson one cen-
tre suchmatrix elementsare alreadyincluded,and they
couldin principle be evaluatedin the sameway. In fact,
someof theearlierversionsof gatccusedasetof routines
similarto thoseincludednow. In the presenPSgatcdhe
one centrebound-boundnatrix elementsare calculated
in adifferentway, suitablefor thefactthatthe expansion
Slaterorbitalsarenot eigenstatesf the hamiltonian.

In the presentversionwe do not include continuum-
continuumcouplingandwe donotallow theboundstates
to changetheir 'instantaneousenepies’, i.e. we effec-
tively work with the hamiltonianshavn in Fig. 1. These
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FIGURE 1. Schematicrepresentatiorof the total hamilto-
nian.Thepartin dashedrameis evaluatecby theoriginalcode,
shadedireaandthediagonalsarenew parts.

limitations might seemrather severe in light of other

studies,e.g.[12] or [10], but for our purposeshey in
factsimulateimportantphysicalfeatureqseethediscus-
sion).Thecouplingincludedis asortof extensionof per
turbative ionizationcalculations Perturbatie ionization
calculationshave provento beefficientevenin mary sit-
uationswheretheionizationchanneldominates.
Theinclusionof the continuumexpansionin the cou-
pledchannekodesneedsa methodto discretizethe con-
tinuum. Thisisimplementedy normalizingtheselected
continuumstatesasexplainedin the next section.

NORMALIZATION OF THE
CONTINUUM STATES

This proceduras discussedn a monograplof Bransden
and McDowell [17], and applied e.g. in the paper of
Schiwietz[18]. Whenwe have a setof both continuum
anddiscretestatesthe expansiorhasaform

YED=FoO0® + [ BOR@E (D)

whereR; is a continuumstatewith enegy € andwhere
& denoteghe relevant electroncoordinatesWe needto
consideronly the secondpartof eq. (1), whereour pro-
cedureshouldreplacethe integral by a summation.In
[17] the discretizationis introducedvia so calledeigen-
differentials(thereis a misprint obscuringthe presenta-
tion in [17], thereforewe discusghisin detail). For reg-
ular meshe®f valuesg; the expression
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approachethediscussedhtegral asAe approachesgero.
Note thatit is the expansioncoeficient which is taken
outsideof the integrals. This expressionis alreadyin a
form of summation
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where the functions ®;(§) are definedby the second
braclet of eq. (2) andthey arecalledeigendiferentials.
The expansioncoeficients3; arerelatedto the original
be; in thefirst bracletof eq.(2).

It is easyto show that the eigendiferentials ®; (&)
form an orthonormalsetfor ary meshof &, whenthe
continuum statesare taken normalizedon the enegy
scale

[Re@RE) 6= ~¢) @

The eq. (2) is basisfor the discretization,insteadof a
meshwith infinitesimal spacinga real meshis chosen.



The fact that the set of @;(§) is orthonormalfor any
enegy meshdoesnot at all guaranteethat it also is
complete We know, however, thatasthe meshgetsfiner
andfiner, the expansionwould corvergeto the original
eg. (1). The coupledequationscanthus be solved in a
normal way when we usethe fully discreteexpansion
implied by eq. (3). One needsto evaluatethe matrix
elementsbetweenall the states®;(§) and ¢;(&) of the
couplingtermsof the hamiltonian.

The total probability of the electronbeingin contin-
uumis givenby
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and if differential quantitiesare needed,they can be
basedntheaboverelation.

We considera very simple approximation,i.e. that
the variationof wavefunctionwith enegy in the second
braclet of eq. (2) canbe neglected.In this approxima-
tion, the eigendiferentials®; (§) become

®i(8) - VAeRy (8)

i.e. the enegy-normalizedcontinuumstateswith modi-
fied normalizationstatesare usedfor the evaluationof
the matrix elementsThis methodis adoptedn the pre-
sentedwvork.

The samemethodhasalsobeenusedin the paperof
Soff etal [3], whointroducedt simply by therelation

/Ooods > 3 (Ea-E)

The continuum statesRe must be normalizedon the
enegy scale,eq. (4). This is doneaccordingto Bethes
prescriptionsectionl.4 of [19].

COMPUTATIONAL ASPECTS

We usethepossibility of theparallelexecutionby asmall
C-languagecode which performsin parallel multiple
runsof the plain FORTRAN codewithout parallelmodi-
fications.This makesit possibleto performthesamecal-
culationsalsoon ary systemwith sufficient power but
without parallelism.A large quantity of input and out-
putdatafiles areadministeredisingstandardJnix tools.
The calculationsare performedat the NOTUR site Par-

allab’s Cray Origin 2000for fastevaluation.However, it

is possibleto run the samecodefor exampleon ary per

sonalcomputemvith Linux operatingsystempr ary type
of Unix workstationwith standard=ORTRAN compilet

The setof calculationsfor Fig. 3 would thentake about
oneto two weeksof full time.
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FIGURE 2. Comparisorof crosssectiongor thethreemain
channelsn atomicO - H* collisions.Datafrom ref. [1].
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FIGURE 3. Comparisorof presenimodelcrosssectionsfor
the threemain channelsn atomicO - HT collisionsandBorn
Approximationfor ionization.

The code is written so that it can be viewed by a
html-browvserwith pointersto subroutinesandplacesof
interestWe hopeto make it availableattheaddress
http://ww. fi.uib.no/ AMOS/ gatcc
which now containsadditionalmaterialon this work.

DISCUSSION OF THE APPLICATION

It is well known (e.g. fig. 2.1 of [7]) that in proton-
hydrogercollisionstheexchangechannebdominatesand
theionizationchanneis muchwealerthantheexcitation
channehtlow velocities.In the previouscalculationson
proton- atomic oxygencollisions[1] the situationwas
different,theionizationchannektlow collision enepies



follows the crosssectionsfor the excitation channel.In
thesecalculationgheionizationchannehasbeenrepre-
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Fig. 2 preparedrom resultsin [1] showvs the compe-
tition of the threechanneldn atomicO - H* collisions.
Fig. 3 shaws the resultsof the presentmodel calcula-
tions, which only add the probabilitiesof electronre-
moval from the 2p-statesvithout properstatisticaltreat-
ment.

Thetwo figurescannotbedirectly comparedsincethe
presentcalculationsare not modified by the statistical
factorsdiscussedn detail in [1], and also the size of
the atomic basishas beenreduced.Neverthelessit is
found that large populationof the ionizationchannelat
thelowestcollisionvelocitiesfoundin thepreviousstudy
is not seenin the presenepproach.

Thereasorfor a spuriouspopulationof theionization
channelmight be a sort of diving of the positive enegy
states,.e. dueto the necessarilflimited basissomeof
the positive enegy statesggetnegative enepgiesfor small
internucleadistancesThis couldbeseerusingthe MO-
tool mentionedin the descriptionof the codes.If the
basiswerelarger, otherweeklyboundstatesvould keep
the continuumstateshigherup. In our approachthis is
simulatedby neglectingaltogethetheoff-diagonalterms
for thepositive enepy states.

CONCLUSION

We have modifieda pseudostate-basetupledchannel
codeto include a setof real continuumstatesobtained
by solvingelectronSchrédingeequationwith arealistic
potentialof the targetatom. With this new code,which
seemsto be the first using sucha combinedapproach,
we have performeda set of model calculationsfor re-
cently studiedsystemproton on atomic oxygen.These
calculationsindicatethat the previously obtainedlarge
crosssectionsfor ionization are most probably spuri-
ous. The code has beenshowvn functional and the re-
sultsshov a goodagreementvith perturbatve calcula-
tions at high collision velocities.One of the above ref-
erenceg12] openshy a quote"to understandydrogen
is to understandall of physics"from ref. [20]. In accor
dancewith this statementye planto studyin thefuture
the limitations of this modelby applyingit the proton-
hydrogencaseNaturally, moreextensve calculationon
othersuitablesystemsawill alsobeperformedn thenear
future.
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