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Abstract. Thedevelopmentof thedescribedmethodhasbeenmotivatedby studiesof theproton-atomicoxygen
collision system,wheretheaccidentalclosenessof energy levelsmakesthechargeexchangequasi-resonant.In
slow collisionstheionizationchannelmustcompetewith theresonantexchangechannel.Thepresenttheoretical
approachis to addtarget continuumstates,found by solving numericallythe self- consistentfield Schrödinger
equation,to thesetof basisstateson targetandprojectile,asusedin closecouplingtreatmentof excitationand
exchange.We have shown that the chosentheoreticalapproachis feasibleandreportherefirst modelstudies
usingthenew computercode.It is foundthatthelargepopulationof theionizationchannelat thelowestcollision
velocitiesfoundin apreviousstudyis notseenin thepresentapproach.

INTRODUCTION

One of the main motives for this work is the proton-
atomic oxygen collision system,where the accidental
closenessof energy levels makes the charge exchange
quasi-resonant.The motivation to studythis system,as
well as our previous treatmentof this systemare de-
scribedin ref. [1]. The resultsof the latter referencefor
ionizationshowedsomeunexpectedfeaturesandthecal-
culationshave later beenperformedwith a somewhat
largersetof basisstates,without a conclusive result[2].
In slow collisionsthe ionizationchannelmustcompete
with the strongestresonantexchangechannel.The sit-
uation is thus in many respectssimilar to the proton-
hydrogencase,but it hasdifferentaspects,themostim-
portantis thatamany electronsystemis studiedandthus
further approximationsmust be done to make the de-
scriptionof themany-electronproblemfeasible.

The presenttheoreticalapproachis to add to the set
of basisstateson target andprojectile,asusedin close
couplingtreatmentof of excitationandexchange[1], aset
of targetcontinuumstates,foundby solvingnumerically
Schrödingerequationwith a potentialobtainedfrom the
self- consistentfield calculation.

Ionizationin nonperturbativecollisionshasbeenstud-
ied in many works, someof themquite early. In some
studiesof Greiner’s Group [3], [4] the continuumwas
taken into accountby expansionover a setof real con-
tinuum states,while in the papersof Reading’s Group
(first in ref.[5]), aswell ase.g.in L-shell ionizationstud-
ies of Shingalet al [6], variousforms of pseudostates
areused.Morerecentuseof pseudostatesin typical two-

centrecollisionsis verybroad,areview canbefounde.g.
in [7]. Thepresenttheoreticaltreatmentis thusanalter-
nativeor extensionof previousmethods,representede.g.
by thereferences[3], [5].

Thestudiesof nonperturbativeatomiccollisionshave
becomea largefield wheremany innovative approaches
have beendeveloped.A very interestingset of ideas,
namedbasis generatormethod (BGM) has been ex-
plored recentlyby Lüdde and collaborators[8]. Other
approachesarebasedon purelynumericalmethods,e.g.
direct numericalsolutionof Schrödingerequationon a
meshof spatiallydistributedpoints,e.g.in [9] and[10].
A specialplacehastheapproachof Sidky andLin [11],
[12], wherethemeshis in themomentumspace.

Here we explore a combinationof two more tradi-
tionalapproaches,basedon expansionsin setsof certain
eigenstates.Weuseawell establishedandtestedcoupled
channelscode,whichusesatomiceigenstates(andpseu-
dostates).

THE COUPLED CHANNEL CODES

Thecodewhich is thestartingpoint of thepresentwork
is PSgatccof J.P. HansenandA. Dubois.This codeis a
recentversionof a longseriesof codesstartingfrom atcc
(atomiccoupledchannels)originally written in 1988-89,
latergeneralizedto gatccandmorerecentlyin themiddle
of 1990’s fully includedgeneralpseudostates(PSgatcc).
The one-electronwavefunctionis expandedin a set of
atomic or model eigenstates.Theseeigenstatesare ex-



pressedasa linearcombinationof Slaterorbitalsonboth
targetandprojectile.Bothdirectandexchangematrixel-
ements,are evaluatedusing Shakeshaft’s method[13].
The basicroutinesof the original codehave beenpub-
lishedin [14]. Thesystemof codescontainsalsoautility
to plot the effective modelmolecularorbitals,which is
usefulfor thediscussionof collision dynamics.

Sincethe setof Slatertype orbitals is larger thanthe
setof atomicstates,the positive energy solutionsof the
staticproblemcanbeusedaspseudostatesrepresenting
continuum,i.e. the ionizationchannel.A large number
of studieshasbeenperformedusing thesecodes,most
recentlye.g.[15]. andthepaper[1] mentionedasoneof
themotivesfor this work.

CONTINUUM EXTENDED COUPLED
CHANNEL CODE

Theeffectivepotentialusedto constructtheboundstates
on the target for the programPSgatccis usedto obtain
radial functionsof the continuumstates,by solving the
radialSchrödingerequation.Theevaluationof matrixel-
ementsis performedusingthe methoddescribede.g.in
[16]. For bound-boundcoupling of stateson one cen-
tre suchmatrix elementsarealreadyincluded,andthey
could in principlebeevaluatedin thesameway. In fact,
someof theearlierversionsof gatccusedasetof routines
similar to thoseincludednow. In thepresentPSgatccthe
onecentrebound-boundmatrix elementsarecalculated
in adifferentway, suitablefor thefactthattheexpansion
Slaterorbitalsarenot eigenstatesof thehamiltonian.

In the presentversionwe do not includecontinuum-
continuumcouplingandwedonotallow theboundstates
to changetheir ’instantaneousenergies’, i.e. we effec-
tively work with thehamiltonianshown in Fig. 1. These
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FIGURE 1. Schematicrepresentationof the total hamilto-
nian.Thepartin dashedframeis evaluatedby theoriginalcode,
shadedareaandthediagonalsarenew parts.

limitations might seemrather severe in light of other

studies,e.g. [12] or [10], but for our purposesthey in
factsimulateimportantphysicalfeatures(seethediscus-
sion).Thecouplingincludedis asortof extensionof per-
turbative ionizationcalculations.Perturbative ionization
calculationshaveprovento beefficientevenin many sit-
uationswheretheionizationchanneldominates.

Theinclusionof thecontinuumexpansionin thecou-
pledchannelcodesneedsamethodto discretizethecon-
tinuum.This is implementedby normalizingtheselected
continuumstatesasexplainedin thenext section.

NORMALIZATION OF THE
CONTINUUM STATES

Thisprocedureis discussedin amonographof Bransden
and McDowell [17], and applied e.g. in the paperof
Schiwietz[18]. Whenwe have a setof both continuum
anddiscretestates,theexpansionhasa form

Ψ
�
ξ � t ��� ∑

i
ci
�
t � ϕi

�
ξ ��� � ∞

0
bε
�
t � Rε

�
ξ � dε (1)

whereRε is a continuumstatewith energy ε andwhere
ξ denotesthe relevant electroncoordinates.We needto
consideronly the secondpartof eq.(1), whereour pro-
cedureshouldreplacethe integral by a summation.In
[17] thediscretizationis introducedvia socalledeigen-
differentials(thereis a misprintobscuringthe presenta-
tion in [17], thereforewe discussthis in detail).For reg-
ular meshesof valuesεi theexpression

∑
i �
	 ∆ε bεi

�
t ����
 1

	 ∆ε

� εi � 1
2∆ε

εi � 1
2∆ε

Rε
�
ξ � dε � (2)

approachesthediscussedintegralas∆ε approacheszero.
Note that it is the expansioncoefficient which is taken
outsideof the integrals.This expressionis alreadyin a
form of summation

∑
i

βi
�
t � Φi

�
ξ � (3)

where the functions Φi
�
ξ � are definedby the second

bracket of eq. (2) andthey arecalledeigendifferentials.
The expansioncoefficientsβi arerelatedto the original
bεi in thefirst bracketof eq.(2).

It is easyto show that the eigendifferentialsΦi
�
ξ �

form an orthonormalset for any meshof εi , when the
continuumstatesare taken normalizedon the energy
scale �

Rε � � ξ � Rε
�
ξ � dξ � δ

�
ε ��� ε � (4)

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



The fact that the set of Φi
�
ξ � is orthonormalfor any

energy meshdoesnot at all guaranteethat it also is
complete.We know, however, thatasthemeshgetsfiner
andfiner, the expansionwould converge to the original
eq. (1). The coupledequationscan thusbe solved in a
normal way when we usethe fully discreteexpansion
implied by eq. (3). One needsto evaluatethe matrix
elementsbetweenall the statesΦi

�
ξ � and ϕi

�
ξ � of the

couplingtermsof thehamiltonian.
The total probability of the electronbeing in contin-

uumis givenby

∑
i � βi

�
t � � 2 � ∑

i � bεi

�
t � � 2 ∆ε � � ∞

0 � bε
�
t � � 2dε (5)

and if differential quantitiesare needed,they can be
basedon theaboverelation.

We considera very simple approximation,i.e. that
thevariationof wavefunctionwith energy in thesecond
bracket of eq. (2) canbe neglected.In this approxima-
tion, theeigendifferentialsΦi

�
ξ � become

Φi
�
ξ �
� 	 ∆ε Rεi

�
ξ �

i.e. the energy-normalizedcontinuumstateswith modi-
fied normalizationstatesare usedfor the evaluationof
the matrix elements.This methodis adoptedin thepre-
sentedwork.

The samemethodhasalsobeenusedin the paperof
Soff etal [3], who introducedit simply by therelation� ∞

0
dε � ∑

i

�
Ei � 1 � Ei �

The continuum statesRε must be normalizedon the
energy scale,eq. (4). This is doneaccordingto Bethe’s
prescription,section1.4of [19].

COMPUTATIONAL ASPECTS

Weusethepossibilityof theparallelexecutionby asmall
C-languagecode which performs in parallel multiple
runsof theplainFORTRAN codewithoutparallelmodi-
fications.Thismakesit possibleto performthesamecal-
culationsalso on any systemwith sufficient power but
without parallelism.A large quantityof input andout-
putdatafilesareadministeredusingstandardUnix tools.
The calculationsareperformedat the NOTUR site Par-
allab’sCrayOrigin 2000for fastevaluation.However, it
is possibleto run thesamecodefor exampleon any per-
sonalcomputerwith Linux operatingsystem,or any type
of Unix workstationwith standardFORTRAN compiler.
Thesetof calculationsfor Fig. 3 would thentake about
oneto two weeksof full time.
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FIGURE 2. Comparisonof crosssectionsfor thethreemain
channelsin atomicO - H � collisions.Datafrom ref. [1].
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FIGURE 3. Comparisonof presentmodelcrosssectionsfor
the threemainchannelsin atomicO - H � collisionsandBorn
Approximationfor ionization.

The code is written so that it can be viewed by a
html-browserwith pointersto subroutinesandplacesof
interest.We hopeto make it availableat theaddress
http://www.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-
hydrogencollisionstheexchangechanneldominatesand
theionizationchannelis muchweakerthantheexcitation
channelat low velocities.In thepreviouscalculationson
proton- atomicoxygencollisions [1] the situationwas
different,theionizationchannelat low collisionenergies



follows the crosssectionsfor the excitation channel.In
thesecalculationstheionizationchannelhasbeenrepre-
sentedby thepositive energy eigenstates(pseudostates),
asin many othercurrentworks.

Fig. 2 preparedfrom resultsin [1] shows the compe-
tition of the threechannelsin atomicO - H � collisions.
Fig. 3 shows the resultsof the presentmodel calcula-
tions, which only add the probabilitiesof electronre-
moval from the2p-stateswithout properstatisticaltreat-
ment.

Thetwo figurescannotbedirectlycompared,sincethe
presentcalculationsare not modified by the statistical
factorsdiscussedin detail in [1], and also the size of
the atomic basishas beenreduced.Nevertheless,it is
found that large populationof the ionizationchannelat
thelowestcollisionvelocitiesfoundin thepreviousstudy
is not seenin thepresentapproach.

Thereasonfor a spuriouspopulationof theionization
channelmight bea sortof diving of thepositive energy
states,i.e. due to the necessarilylimited basissomeof
thepositive energy statesgetnegativeenergiesfor small
internucleardistances.ThiscouldbeseenusingtheMO-
tool mentionedin the descriptionof the codes.If the
basiswerelarger, otherweeklyboundstateswould keep
the continuumstateshigherup. In our approachthis is
simulatedby neglectingaltogethertheoff-diagonalterms
for thepositiveenergy states.

CONCLUSION

We have modifieda pseudostate-basedcoupledchannel
codeto includea setof real continuumstatesobtained
by solvingelectronSchrödingerequationwith a realistic
potentialof the target atom.With this new code,which
seemsto be the first using sucha combinedapproach,
we have performeda set of model calculationsfor re-
cently studiedsystemproton on atomicoxygen.These
calculationsindicatethat the previously obtainedlarge
crosssectionsfor ionization are most probably spuri-
ous. The code has beenshown functional and the re-
sultsshow a goodagreementwith perturbative calcula-
tions at high collision velocities.Oneof the above ref-
erences[12] opensby a quote"to understandhydrogen
is to understandall of physics"from ref. [20]. In accor-
dancewith this statement,we planto studyin thefuture
the limitations of this modelby applying it the proton-
hydrogencase.Naturally, moreextensivecalculationson
othersuitablesystemswill alsobeperformedin thenear
future.

ACKNOWLEDGMENTS

We would like to thankProf. J.P. Hansenfor numerous
discussionsandunpublishedinformationon thePSgatcc
codeandfor his interestin this project,andto Prof.J.M.
Hansteenfor commentson themanuscript.Theresearch
hasbeensupportedby NFRthrougha grantof computer
timeat Norwegiansupercomputingfacilities.

REFERENCES

1. Hamre,B., Hansen,J.P., andKocbach,L., J.Phys.B:
At.Mol.Opt.Phys.32, L127-L131(1999).

2. Hansen,J.P. , Kocbach,L., andLadadwa,I., XXI. ICPEAC,
Abstractsof contributedpapers, ed.Y. Itikawaetal,Sendai,
Japan,1999,VolumeII., p. 478

3. Soff, G., Reinhardt,J., Müller, B., andGreiner, W., Z.
PhysikA 294, 137-147(1980).

4. Mehler, G., Greiner, W., and Soff, G. J.Phys.B:
At.Mol.Opt.Phys.32, 2787-2801(1987).

5. Ford,A. L., Fitchard,E., andReading,J.F., Phys.Rev. A
16, 133-143(1977).

6. Shingal,R., Malhi, N. B., andGray, T. J., J. Phys.B: At.
Mol. Opt.Phys. 25, 2055-2063(1992).

7. Fritsch,W., andLin, C. D., Phys.Reports 202, 1-97
(1991).

8. Kroneisen,O.J.,Lüdde,H.J.,Kirchner, T., andDreizler,
R.M., J. Phys.A: Math.Gen.32 , 21411-2156(1999).

9. Grün, N., Mühlhans,A., andScheid,W., J. Phys.B:
At.Mol.Opt.Phys.15 , 4043-4061(1982).

10. Wells,J. C., Schultz,D. R., Gavras,P., andPindzola,M.
S., Phys.Rev. A 54 , 593-604(1996).

11. Sidky, E. Y., andLin, C. D., J. Phys.B: At. Mol. Opt.
Phys. 31 , 2949-2960(1998).

12. Sidky, E. Y., Illescas,C., andLin, C. D., Phys.Rev. Lett.
85 , 1634-1637(2000).

13. Shakeshaft,R., J. Phys.B: Atom.Molec.Phys.8, 134-136
(1975).

14. Hansen,J.P. , ComputerPhys.Comm. 58, 217-221
(1990);Hansen,J.P. andDubois,A., ibid. 67, 456-464
(1992).

15. Lundsgaard,M. F. V., Nielsen,S. E., Rudolph,H., and
Hansen,J.P., J.Phys.B: At. Mol. Opt.Phys.31, 3215-3232
(1998).

16. Kocbach,L., Z. Physik A 279, 233-236(1976).
17. BransdenB. H., andMcDowell, M. R. C., Charge

Exchange andtheTheoryof Ion-AtomCollisionsOxford:
ClarendonPress,1992.

18. Schiwietz,G., Phys.Rev. A 42, 296-306(1990).
19. Bethe,H. A., andSalpeter, E. E., QuantumMechanicsof

One-andTwo-ElectronAtoms Berlin: Springer, 1957.
20. Kleppner, D., PhysicsToday 52 , 11 (1999).


