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The two most recently publishedpotential enegy surfaces(PES$ for the HeH, complex, the
so-calledMR (Muchnick and Russek and BMP (Boothroyd, Martin, and Petersoin surfacesare
quantitativelyevaluatecandcomparedhroughthe investigationof atom-diatoncollision processes.
The BMP surfaceis expectedto be an improvement,approachingchemicalaccuracy over all
conformationof the PEScomparedo that of the MR surface We found significantdifferencedn
inelasticrovibrationalcrosssectionscomputedn thetwo surfacedor processedominatedy large
changesn tamget rotationalangularmomentum.in particular the H,(v=1,j=0) total quenching
crosssectioncomputedusingthe BMP potentialwasfoundto be a factor of 1000larger thanthat
obtainedwith the MR surface A lesserdiscrepancypersistsover a large rangeof enegiesfrom the
ultracoldto thermalandoccursfor otherlow-lying initial rovibrationallevels.The MR surfacewas
usedin previouscalculationsof the H,(v=1,j=0) quenchingrate coefficientand gaveresultsin
closeagreementvith the experimentatlataof Audibertet al. which wereobtainedfor temperatures
betweerb0and300K. Examinationof therovibronic couplingmatrix elementsyhich areobtained
following a Legendreexpansionof the PES, suggestghat the magnitudeof the anisotropyof the
BMP potentialis too large in the interactionregion. However crosssectionsfor elasticand pure
rotationalprocessesbtainedrom thetwo PESddiffer typically by lessthanafactorof 2. Thesmall
differencesnay be ascribedo thelong-rangeandanharmoniccomponent®f the PESs Exceptions
occurfor (v=10j=0) and(v=11j=1) wheresignificantenhancementsavebeenfoundfor the
low-enegy quenchingand elastic crosssectionsdue to zero-enggy resonances the BMP PES
which arenot presentin the MR potential. © 2005 American Institute of Physics.

[DOI: 10.1063/1.18333591

I. INTRODUCTION

The study of the He—H, interactionhasa long history
andcanbetracedbackto atleastthe constructiorof asimple
analytic potentialenegy surface(PES by Roberts in 1963.
Sincethe beginningof the 1970s,scatteringbetweenatomic
He and the H, molecule has been investigated
experimentally~* ThelaserRamanscatteringechniquepio-
neeredby Audibert et al.3 has given accurateand detailed
results. Theseexperimentswhich coveredthe sub-thermal
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regime,were accurateenoughto reproducethe small struc-
turesin the measuredate constants(seeRef. 9) and have
prompted considerabletheoretical interest~° Calculations
havebeenperformedusingab initio and approximatequan-
tal formalisms classicalandsemiclassicamethodsandvari-

ousintermoleculampotentials.

Collisionsinvolving hydrogenmoleculesandhelium at-
oms are of greatinterestfor three main reasonsFirst, this
collision systemis a prototypefor chemicaldynamicsstudies
andcanbe usedasa testinggroundfor the scatteringtheory
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of nonreactiveatom-diatomcollisionsinvolving a weak in-
teractionpotential. Secondrotationaland vibrational transi-
tions in H, inducedby collisions with He are of practical
importancein modelsof astrophysicaknvironmentswhere
the physical conditionsmay not be accessiblgo terrestrial
experiments Examplesinclude low densitiescharacteristic
of giant molecularcloudsin the interstellarmediumwhere
star formation occurs. Heating of the interstellarcloud by
strong shockwavesinducesrotationaland vibrational exci-
tation of the H, moleculesleadingto collision-induceddis-
sociationto two free H atoms.Third, with recentexperimen-
tal advancesin the trapping of molecules®~ collisional
studiesof the He—H, systemhavegivennewinsightinto the
behaviorof atom-diatomcollisionsat ultracoldtemperatures
including investigationsof Feshbachresonancespredisso-
ciation in van der Waals complexesdeterminationof com-
plex scatteringlengths,testingof effective rangetheoryand
Wigner thresholdlaws, and quasiresonantibration-rotation
enepy transfer*-18

Due to the continualadvancemenof computertechnol-
ogy and computational methodologies, theoretical
studied®?° of inelastic collisions betweenHe and H, have
beenperformedwith increasinglylarger basissetsand have
yielded a deeperunderstandingf the collision mechanism
as well as providing benchmarkdata for astrophysicsand
chemistry The accuracyof quantumscatteringcalculations
is dictatedby the flexibility andreliability of the interaction
potential enegy surfaceof the projectile atom and tamget
diatom. Especiallyin the caseof atom-diatomcollisionsin
the ultracoldregime,wherethe interactiontime betweenthe
projectile atom and moleculartarget is considerablylonger
than the rotational/vibrationalperiod of the molecule,the
incoming atomis a sensitiveprobe of the PES of the com-
plex. Consequentlythe target moleculehastime to adjustto
the field of the slow moving atom and the scatteringcross
sectionsare sensitiveto the anisotropyof the PES.

Muchnick and Russek! constructeda PES for He—H,
whichincorporatedheab initio potentialenegy calculations
of Meyeret al.?? and Russekand Garcia?> A crucial feature
of Muchnick and Russek(MR) PESis the inclusion of the
H, vibrational coordinater to describethe motion of the
nucleiin the molecule.The PESwas constructedo behave
in a physicallyrealisticfashionin the nonequilibriumregions
but the fit wasnot constrainedy ab initio data.

The PES calculatedby Muchnick and Russekwas em-
ployed by Flower et al.!° and later by Balakrishnanand
co-workerst>?°andForreyandco-worker$®-28 to obtainthe
cross sectionsand the correspondingrate coefficients for
rovibrational transitionsin ortho- and para-H induced by
collisionswith He. Flower et al. applieda quantalcoupled-
channelmethodthat useda harmonicoscillator approxima-
tion for the H, wavefunctionsandtheir presentedesultsfor
vibrationalstatesy=0, 1, and2. Comparisorwasmadewith
previous calculationsand with measurementst both low
and high temperaturesand the agreementvas found to be
good. Balakrishnanet al.'® performed similar calculations
with numerically determinedH, wave functionsusing Her-
mite basissetsand the H, potential of Schwenkeé* Their
predictedquenchingrate coefficientswith the MR PESgave
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good agreementwith the experimentalresults of Audibert
et al .3 for vibrationalrelaxationof H,(»=1j=0) by Heim-
pact at temperaturebetween50 and 300 K. Subsequently
the samePES has beenemployedto investigaterotational
and vibrational excitationtransitions:6-18-20

The mostrecentanalyticHeH, PESwas constructedy
Boothroyd,Martin, andPetersoriBMP) (Ref. 25) from more
than25000 ab initio datapoints. The BMP surfacenot only
accuratelyrepresentghe van der Waals potential well, but
alsofits theinteractionregionwith chemicalaccuracygiving
anorderof magnitudeémprovemenin RMSerrorscompared
to the MR PES.While suchan improvementis critical for
chemicaldynamicsstudiesthe BMP potentialwasalsocon-
strainedby the ab initio datato accuratelydescribelarge
H,-moleculesizesand shortHe impactdistancesTheseen-
hancementallow studiesof highly excitedH, andcollision-
induceddissociation.

In this paperwe presenta comparativestudy of the MR
and BMP potential surfacesfor collisions of vibrationally
and rotationally excited H, by He impact. The scattering
crosssectionsand their correspondingate coefficientsare
calculatedusing the nonreactivequantummechanicaklose-
couplingmethod.In Sec.ll, we outline close-couplingheory
and give a brief descriptionof the PESs.We presentour
resultsanddiscussiorin Sec.lll anda summaryandconclu-
sion in Sec. V. Atomic units are usedthroughout,unless
otherwise noted, i.e., e=m,=a,=1a.u., while 1 hartree
=27.2116eV=627.51kcal/mol.

Il. THEORETICAL METHODS
A. The close-coupling approach

Calculationsof rovibrational transition cross sections
and thermally averagedrate coefficients provide stringent
testsof the potentialenegy surfacesof the HeH, molecule.
To computethesecrosssectionsandrate coefficientswe use
a quantum-mechanicallose-couplingmethodthat hasbeen
describedin detail elsewheré® Here we provide a brief
overview of the essentialelementsof the approach.The
time-independenSchralinger equationfor the He+ H, col-
lision systemin the centerof massframeis given by

(Te+ Trtop(N+Vi(r,R,0)—E)PMR,1N=0, (1)

with T,=— 1/2mV? and Tg=— 1/2u V3, wherem is the
reducedmassof the H, moleculeand u is the reducedmass
of the He—H, complex. The internucleardistancebetween
thetwo H atomsis denotedby r, R is the distancebetween
the He atomandthe centerof massof H,, and @ is theangle

betweenf andR. Theterm sz(r) is the isolatedH, poten-
tial andV,(r,R, 6) isthe He—H, interactionenegy. To solve

Eq. (1), we expandthe total wave function W2M(R, ) in the
form

- 1 N
YMRN =52 CR SR, (2

wherethe channelfunction[n=(vjl;JM)] is given by
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¢ﬂ(ﬁsr)= FXVJ(r)

X (0,3 my ooy M) Y (F)Y3, (R). (3)
mj ,my J !

Thevibrationalandrotationalquantumnumbersaredenoted
by v andj, respectivelyand! is the orbital angularmomen-
tum of He with respectio H,, J is the total angularmomen-
tum quantumnumber(i.e., J=I+J), M is the projectionof
J ontothe space-fixedz axis,and(j,!,J|m; ,m; ,M) denotes
a Clebsch-Gordorcoefficient. The correspondingeigenval-
uese,; (rovibrationalbinding enegies areobtainedoy solv-
ing the radial (r) nuclearSchralinger equationfor the dia-
tom H,,

(1d2

T omadr? " 2mr? +UH<V>)XVJ<r> eixui(), @

by expandingy,;(r) in termsof a Hermite polynomialbasis
with the H, potentialvy (), takenfrom Schwenké* Sub-
stituting Egs. (2)—(4) mto Eq. (1), we arrive at a systemof
close-couplingequations

d2  L(L+1)
(W_ T+2MEi)Ci(R)

=2u§ Ca(R){( i Vi #p). (5)

whereE;=E,; is the initial kinetic enegy and!; is the or-
bital angular momentumin the ith channel.To solve the
coupledradial equations(5), we usedthe hybrid modified
log-derivative-Airy propagatd? in the generalpurposescat-
tering codemMoLscaT.?8 Thelog-derivativematrix?’ is propa-
gatedto large intermolecularseparationsvherethe numeri-
cal resultsarematchedo the known asymptoticsolutionsto
extractthe physicalscatteringmatrix. This procedures car
ried out for eachpartialwaveuntil a convegedcrosssection
is reached We have checkedthat the resultsare conveged
with respectto the numberof partial wavesas well asthe
matchingradiusfor all channelsncludedin the calculations.
We also adopt here the total angularmomentumrepre-
sentationintroducedby Arthurs and Dalgarng® in which the
crosssectionfor transitionsfrom an initial vj vibrational-
rotationallevel to the final »'j’ level is given by

Uvjev’j’(Evj)

~E, DR 2 (2341

|3+]| \Jﬂ’\

; | 5“’ vr'! S}‘jrr|rwr|2- (6)
iy = \J J'l

The total enegy E is relatedto the kinetic enegy of the
incoming particleaccordingto E=E,;+ €

The rate coefficientfor a given transitionis obtainedby
averagingthe appropriatecross section over a Boltzmann
distribution of velocitiesof the projectile atom at a specific
temperaturerl:
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ky]—*v'}’(T):Gjo dEVJ"O-VJ"—W’j"(Evj')Evje(_'BEvj)v (7)

wherethe constantG = \/(8/u7B8) 8% and 8= (kgT) ! with
kg beingBoltzmanns constantThe total quenchingrate co-
efficient canbe calculatedfrom

K (T)= 2 Kyjprjr(T). 8)
V'j'

B. Potential energy surfaces of HeH,

Being one of the simplesttriatomic molecularsystems,
the HeH, PES has been extensively studied theoretically
overthelastfour decadesSinceeachof He andH, hasonly
two valenceelectronsin closedshells,this trimer providesa
fundamentatestof the quantumchemistrymethodsfor cal-
culating the van der Waalsinteractions.The searchfor evi-
denceof a boundHeH, halo moleculeis also a fascinating
subjectandits stability dependssensitivelyon the PES.The
PEShasalsobeenexploredexperimentallyusinga variety of
state-of-the-arexperimentatechniques?®3!

The historical developmentof the refinementsof the
HeH, PES,which can be tracedback to at leastthe early
1960s,hasbeenreviewedby BMP2° Here,we outline some
characteristicof the two mostrecently publishedab initio
analytic HeH, potentialenegy surfacespboth of which we
haveincorporatedinto our scatteringtheory computerpro-
gram.The first PESwe usedwas publishedin 1994 by MR
which was adoptedin the scatteringcalculationsperformed
by Floweret al.,'° Balakrishnarandco-workers®>?°andFor-
rey and co-workers®® This ab initio HeH, PESovercame
many of the deficienciesof earlier PESswhich adoptedthe
rigid rotor approximationor considerecbnly equilibriumH,,
geometriesTheseearlier PESsalso lackedfits, either semi-
empirical or empirical, for the remainderof the surfacethat
wasnot constrainedvith ab initio data,which severelylim-
ited their use for atom-diatomcollision calculations.How-
ever MR generalizedthe HeH, PES basedon the physics
underlyingthe principal interactionmechanismsesponsible
for the PES, using 19 fitting parametersThis surfacewas
fitted to a combinationof the ab initio enegies of Meyer
et al.?2 and of Russekand Garcia?® As a result, the MR
HeH, interactionwas constructedo be accuratein the van
der Waals potentialwell and at the smallR repulsivewall,
andto havephysicallyreasonablédehaviorin regionsof the
PESnot constrainedy ab initio data.

The secondHeH, PESwe employedis the mostrecent
one publishedby Boothroydet al.?® in 2003. This PESwas
devisedto representaccuratelythe van der Waalswell and
the interactionregionrequiredfor chemicalreactiondynam-
ics. Consequentlya setof over 25000 ab initio pointswas
calculatedfor HeH, geometriesBoth the ground-stateanda
few excited-stateenegies were computed,and the conical
intersectionof the ground statewith the first excited state
wasmappedout approximatelyA differentanalyticPESwas
fitted to the ab initio data,yielding animprovementyy more
than an orderof-magnitudein the fit in the interactionre-
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FIG. 1. Total quenchingrate coefficientfor (v=1,j=0) asa function of

temperature The solid and dashedcurves are results obtainedusing the

BMP andMR potentials respectively The solid squareswith error barsare
the experimentalresultsof Audibert et al. (Ref. 3). The MR curve agrees
very well with the experimentadata,whereaghe BMP curve doesnot.

gion, comparedo the MR HeH, PES.Unlike the MR PES,
ab initio pointswere usedto constrainthe fit for large H—H
separations.

Boththe BMP andMR PESsareexpressedsa function
of distancedetweenthe threeatomsin the system.For the
purposeof the collision calculations,however it is more
convenientto expandthe interactionpotential in terms of
Legendre polynomials P, of the order of A as in the
MOLSCAT computerprogram,

o

v,(f’,ﬁ):; v\ (F,R)P,(c0os6). 9)

The reducedpotentialcoupling matrix elementsequiredfor
the scatteringcalculationsare obtainedfrom
Py R= [ o R 0. (0
0
Neither BMP nor MR expresstheir PES functions in the

form of Eq. (9), but in termsof multibody expansionswith
physically-motivatedunctionalforms.

lll. RESULTS AND DISCUSSION

We havecarriedout close-couplingcalculationsfor col-
lisions of “He with H, using the BMP and MR PESs.The
total quenchingrate coefficientfor Hy(v =1,j=0) is shown
in Fig. 1 for temperaturesn the range10~* K and 300 K.
The rate coefficients attain finite values for temperatures
lower than 1 mK in accordancewith Wigner's law. Unex-
pectedly we find that the total quenchingrate coefficient
computedwith the BMP PESis as much asthreeordersof
magnitudelarger than that calculatedwith the PES of MR.
Only theresultsfrom the MR PESagreewith the experimen-
tal dataof Audibertet al.® Goodagreemenwith theAudibert
et al. results were previously obtained by Balakrishnan
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FIG. 2. Inelasticcrosssectionoy o g timescollision velocity (nonthermal
rate coefficien) asa function of collision enegy. Computedusingthe BMP
(@) and MR (b) PES.The j’'=8 contributionstrongly dominatesthe BMP
resultsover the entire enegy rangeshown,andis responsiblgor the large
discrepancywith experiment(seeFig. 1).

et al.'® who alsousedthe MR PES.This significantdiscrep-
ancy suggestghat the PES of BMP may containsomeun-
physicalbehaviorin eitherthe newly computedab initio data
or the adoptedfit functions.The different slopesof the rate
coefficientsobtainedusing the BMP and MR surfacesindi-
cate that a much larger fraction of the availableenepy is
takenup as rotation in collisions on the BMP surface.To
identify the origins of this discrepancyin the BMP surface,
we haveexaminedhe constituentchannelof the quenching
rate coefficients.

Figure 2 displays the inelastic rovibrational state-to-
state,nonthermalrate coefficientsas a function of collision
enepgy. The nonthermalrate coefficientis defined here as
crosssectiono; o .- timescollision velocity v in thecenter
of massframe. The rate coefficients computedusing the
BMP PES[seeFig. 2(a)] are seento increasemonotonically
with j' over the entire enegy range. This behavioris in
sharpcontrastto the state-to-stateate coefficientscomputed
with the MR surfaceshownin Fig. 2(b), which displaysno
obviousorderingwith j’. The discrepancybetweerthe total
quenchingrate coefficientsshownin Fig. 1 is evidentlydue
to the j' =8 channelwith the BMP surface the rate coeffi-
cientof which is morethanthreeordersof magnituddarger
than any of the state-to-statdMR rate coefficientsgiven in
Fig. 2(b). An appreciablecontributionalso comesfrom the
j'=6 channelwith the BMP result being a factor of 10
larger thanthat obtainedwith the MR PES.

By calculatingthe A-dependenipotential couplingson
Eg. (9), we may gain someinsight into the origin of the
discrepancieskigure 3 showsdiagonaland off-diagonalre-
duced potential coupling matrix elements,definedin Eq.
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(10). Only the eventermscontributeheresincethe diatomis
a homonuclearmolecule. To analyzethe presentresults,
which dependprimarily on the intermediateand long-range
behavior of the PES, we examinethe first five terms (A
=0, 2,4, 6, 8) in the expansiorof V,(F,R). Figures3(a) and
3(b) showa comparisorbetweerthe BMP andMR diagonal
matrix elementdor (v=1,j=0). Thefirst radial coefficient
v9(R) representshe sphericalcomponenbf the interaction,
while the highertermsdefinethe anisotropicbehaviorof the
PES. Comparingv®(R) obtainedfrom the BMP and MR
PES,we find that the two yield essentiallyidentical results
with the repulsivewall of the (v=1j=0) channelfor both
casesoccurring at distancegust lessthan R=6 a.u. While
there are evidently significant differencesfor the higher
v™(R) termsfor R<5 a.u., thesedifferencesappearinside
the repulsivebarrier [the v°(R) term], a region which will
not be accessiblein the low-enegy collisions considered
here,andthereforewill havenegligibleimpacton the cross
sections.

In Figs. 3(c) and 3(d), the off-diagonal coupling matrix
elementsfor the dominantstate-to-statéransitionsobtained
with the BMP surfaceare presentedFigure 3(c) revealsthe
striking differencebetweenthe BMP and MR off-diagonal
coupling matrix elementfor A =8. Comparingh =0 of Fig.
3(a) with Fig. 3(c), we seethatthe BMP potentialprovidesa
significantoff-diagonalA =8 couplingfor distancesoutside
the potential barrier which are accessibleduring the colli-
sion. Converselythe MR couplingis shiftedto smallerR so
thatthe magnitudeof the couplingis significantly smallerin
the interaction region. Therefore, the discrepancyin the
(1,0)—(0,8) quenchingrate coefficient,aswell asthe total,
canbe attributedto the enhancemerity the BMP surfaceof
the A\ =8 off-diagonalcoupling.Figure 3(d) makesa similar
comparisonof off-diagonal couplingsfor A =6. The BMP
couplingis againlarger, but the differenceis not asdramatic

asfor the A =8 caseconsistenwith the smallerdifferences
betweenthe (1,0)—(0,6) transitionrate coefficientsshown
in Fig. 2.

The importanceof including higherorder termsin the
Legendrepolynomial expansionof the interactionpotential
in accuratelydeterminingvibrational quenchingrate coeffi-
cientsat low temperaturetasbeenthe topic of a numberof
recentinvestigations>~® Krems*? showedthatfor thevibra-
tional relaxationof CO(v=1) by collisions with He atoms
termsas high as A\ =30 were requiredin Eg. (9) to obtain
convepgedcrosssectionslin subsequentalculations Krems
et al.3® reportedsimilar behaviorfor the vibrational quench-
ing of HF(»=1,=0) by collisions with Ar atoms which
preferentially populatehigh-lying rotational levelsin the v
=0 vibrational level. In a more recentstudy Uuduset al.3*
reportedsignificantdifferencesn the low-temperatureibra-
tional relaxationratesof H,(v=1,j=0) by collisions with
Ar atomscomputedusing two different interaction poten-
tials. They found that (1,0)— (0,8) transitiondominatesthe
quenchingwhenthe Ar—H, potentialof Bissonnetteet al 3
is used,while no suchpreferencds observedwhenthe in-
teractionpotential of Schwenkeet al.*” is employed.As in
the presenstudy the differencesvereattributedto enhanced
off-diagonalcouplingarisingfrom the A =8 term of the po-
tential surfaceof Bissonnetteet al.3®

The dominanceof the (1,0)—(0,8) transitionfound us-
ing the BMP PESis a consequencef two characteristicsti)
the small enegy gapbetweenthe initial andfinal states(the
enegy gapis only 111cm 1) and (i) the relatively large
potential coupling shownin Fig. 3(c). In previousstudies
usingthe MR potential (i) was satisfied,but not (ii) so that
the importanceof this channelwasnot seen.Usingthe BMP
potential, we can demonstratehat both characteristicsare
requiredto obtainalargetransitionrateby artificially enlag-
ing the enegy gap by increasingthe target molecularre-
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FIG. 4. Zero-temperatureate coefficientsfor (v=1,=0) asa function of
diatom reducedmassm using the BMP potential. The nearly exponential
behaviorof the j' =8 contributionis consistentith exponentiaenegy gap
behaviorseenpreviously'” The inelasticresultsfor m correspondingo DT
andT, arenot as sensitiveto the j' =8 contribution.

ducedmass.In Fig. 4, the zero-temperatureate coefficient
for the (1,0)—(0,j") transitionsobtainedwith the BMP po-

tential aredisplayedasa function of target moleculereduced
mass.The nearly exponentialdecreasen the (1,0)—(0,8)

transition,andthe smallerdecreases the otherchannelsijs

consistentvith the aboveargumentWhile thereis no change
in the BMP potential coupling, (i) is reducedwith the in-

creasingenegy gap (increasingreduced mas$ until the
(1,0)—(0,8) channelosesits dominancefor m/mH2> 2.For

m/my, ~2.5 (where 2.4 correspondsto DT), the j'=10

channelbecomesxoegic andits dominances likely to be

dueto an enhancedMP off-diagonalcouplingfor A =10.

To ascertainwhetherthe abovediscrepancywill mani-
fest itself for other inelastictransitions,we also calculated
the nonthermalrate coefficientsfor quenchingof the initial
(v=2,j=0) stateto individual rotational levels of the v
=1 vibrational stateusing both the BMP and MR potential
surfacesshownin Fig. 5. The dependencen j' of the tran-
sitionsis identicalto thatseenfor the (v=1j=0) quenching
ratecoefficientsfor thetwo potentials Again, the major con-
tribution comesfrom the j' =8 channelwhenthe BMP po-
tential is used.

For the higher vibrational states,we illustrate in Figs.
6(a) and 6(b) the variation of the total quenchingrate coef-
ficientswith respecto the vibrationalquantumnumberv for
j=0 andj=1 at zero temperatureWe found that the j’
=8 componenis unmistakablydominantfor <4 whenthe
BMP PESis used.However when v>4, the j' =8 channel
is closedand the total quenchingrate is dominatedby the
Jj' =6 contribution.The peakobservedat v=10 is dueto a
zero-enggy resonancewnhich is a consequencef a quasi-
boundstateof the HeH, complex(seebelow).

For j=1, shownin Fig. 6(b), thereis no j’ =8 contribu-
tion sincetransitionsto this stateareforbiddenandthereare
no j' =9 contributionsbecauseahe channelis closedfor all
v. The major contributionto the total quenchingrate coeffi-
cientscomesfrom the j' =7 componen{\ =6) instead We
found that the j' =7 contributionfor j=1 continuesto be

J. Chem. Phys. 122, 024307 (2005)
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FIG. 5. Inelasticcrosssectionoa, o .1 ;. timescollision velocity (nonthermal
rate coefficien} asa function of collision enegy computedwith the BMP

(a) andthe MR (b) potential. The j' =8 contributionagainstrongly domi-

natesthe BMP resultsand producesa significantdisagreementith the MR

results.

strongup to high enegies;the zero-enggy resonances also
presentin the BMP PESfor v=11j=1.

In Figs. 7(a), 7(b), 8(@), and 8(b) we Iillustrate the
enegy-dependentlastic crosssectionsfor v=0, 1, 2, and
10, respectively for both the MR and BMP potentialsand
with j=0. The differencesseenfor the first threeare likely
dueto improvementsn the long-rangeportion of the BMP
potentialcomparedo that of the MR surfacewhereanisot-
ropy effectsdo not play a role. Thetwo potentialsgive good
agreemenfor elasticscatteringat high collision enegies.

For the (v=10j=0) elastic crosssection,the results
basedon the two PESsgive reasonableagreemengt high
collision enegies. However as the collision enegy de-
creasedelow E~0.1cm™ 1, the two curvesstartto deviate
considerablyBoth a significantenhancementf the elastic
crosssectionwith decreasingollision enegy anda shift in
the onsetof the Wigner thresholdbehaviorin the ultracold
region can be attributedto the presenceof a zero-enggy
resonancén the BMP PES-basedalculation.This situation,
where one PES-basedcalculation predicts a zero-enegy
resonancandthe otherdoesnot, wasseenbeforein the case
of Ar+H, collisions®® Becausehe van der Waalspotential
well supportsa weakquasiboundstatefor eachexcitedlevel
of the diatom?® a small changein the PEScan easily move
the quasiboundstateinto coincidencewith the corresponding
diatomicenegy level. Therefore the existenceor absencef
sucha resonancés a very sensitivetest of the detailsof the
PES.

Returningto inelastic collisions, other differencesthat
are manifestedmay be seenby consideringthe »=10=0
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FIG. 6. (a) Zero-temperaturéotal quenchingrate coefficientsfor j=0 as a
function of v. The j'=8 contributionis strongly dominantfor v<<4 when
usingthe BMP potential.For v>4, the j' =8 channels closedandthetotal
guenchingrateis dominatedby the j’ =6 contribution.(b) Sameas(a) but
for j=1 case.Thej’'=7 contributionis dominantfor low v whenusingthe
BMP potential. The peaksin the BMP curvesat (v=10j=0) and (v
=11j=1) are dueto zero-enayy resonancesThe influenceof the zero-
enegy resonancedisappearssthe collision enegy is increasedThe large
differencesbetweenthe two potentialsat low v, however persistfor all
enepgies.

statesince a peakin the v distribution for the zero-enegy
quenchingrate coefficientis evidentin Fig. 6(a). Specifi-
cally, Figs.9(a) and9(b) showthe enegy dependencef the
rate coefficients for transitions from the initial (v=10j
=0) level into (v=9') for the BMP and MR potentials,
respectively Figure 9(a) showsthat for collision enegies
lessthan~0.1cm 1, the rate coefficientsincreasewith de-
creasingenepgy. This is due to the presenceof the zero-
enegy resonanceHowever the nonthermalkate coefficients
computedusingthe MR potentialshownin Fig. 9(b) do not
display this behavior—the zero-enggy resonancesimply
doesnot exist for the MR potential. Thereforethe ultracold
quenchingcrosssectionsare very differentfor the MR and
BMP PESsNeverthelesshothresultsarein goodagreement
at E~100cm !, which is expectedior high collision ener
gies,sincethe influenceof the zero-enagy resonancegradu-
ally decreaseswvith enegy.

This differs from the strongj’ =8 contributionfrom the
BMP PESfor v<<4 which persistsevenfor higherenegies
(asdemonstrateth Fig. 2). Notefurtherthatthej' orderings
of the (»=10,j=0) state-to-stateatecoefficientsarenotthe
same as observedfor the (v=1,=0) and (v=2,j=0)
cases.

Fromtheseresults,we find thatthe largestdiscrepancies
occurredfor vibrational transitionswhere large changesin
angularmomentumare allowed. Suchtransitionsprobethe
anisotropy of the potential to high order The differences

J. Chem. Phys. 122, 024307 (2005)
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FIG. 7. Elasticcrosssectionso o (a) and o o (b) asa function of collision
enegy. Thetwo potentialsgive goodagreementor elasticscatteringat high
collision enegies.Thedifferenceat ultracoldenegiesis within afactorof 2,
which is typical for mostof the (v,j) levelsof this system.

notedfor the elasticprocesseswhich are determinedby the
spherical(A =0) term of the potential,arelikely dueto im-
provementsnadein the BMP PES.

Figures 10(a) and 10(b) display the (0,2)—(0,0) and
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FIG. 8. Elasticcrosssectionso, o (8) andog (b) asafunctionof collision

enepgy. The two potentialsagaingive good agreemenfor elasticscattering
at high collision enegies. The presenceof a zero-enggy resonanceor (v

=10j=0) causesa significantincreasein the BMP resultat low enegies
and a shift in the onsetof the Wigner threshold behavior at ultracold
enegies.
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dueto the presenceof a zero-enegy resonance(b) Sameas(a) but with the
MR potential. Thereis no zero-enegy resonancdor the MR potential,so
the ultracoldresultsare very differentthanin (b).

(1,2)—(1,0) deexcitationcrosssectionsfor pure rotational
transitions respectively The resultsfrom both PESsarevery
similar, the BMP result is always 10%-30% smaller the
discrepancybeing ~10% in the high-enegy region. These
transitionsare not strongly affected by the higherorder an-
isotropyof the potential(i.e.,A\=2), andthe BMP resultsare
likely to be improvementsThis is further illustratedin Fig.
11 where the zero-temperaturéotal quenchingrate coeffi-
cientsfor v=1 aregivenasa functionof j. Forj >1, pure
rotational quenchingdominatesand the two PESsgive re-
sultswhich agreeto within abouta factor of 2. The signifi-
cantdrop in the j=22 and 23 quenchingrate coefficients
was exploredpreviouslyby Forrey'®

IV. SUMMARY AND CONCLUSIONS

In summary we have carefully and critically compared
the two mostrecentlypublishedab initio interactionpoten-
tial enegy surfaces(PES$ for HeH, by performingelastic
andinelasticscatteringcalculationsfor collisionsof “He with
H,. The calculationswere performedusing a nonreactive
quantum-mechanicatlose-couplingmethod and were car
ried out for collision enegies ranging from the ultracold
(1078 em™?) to the thermal (100cm™?) regime. Using
MuchnickandRussek! PES,we havereproducedheinelas-
tic crosssectionsoy, .o;-(E) and the total quenchingrate
coefficientsof Balakrishnanet al.'® However the inelastic
cross sections o1_.5(E) obtained from the Boothroyd
et al.?® PESaresignificantlydifferent. The correspondingo-
tal quenchingrate coefficientsturn out to be a thousand

J. Chem. Phys. 122, 024307 (2005)
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FIG. 10. Comparisorof BMP and MR baseddeexcitationcrosssectionfor
the A j= — 2 rotationaltransitionfrom the j= 2 initial rotationallevel of H,
in vibrationallevelsof »=0 and1 as a function of collision enegy.

times larger than those obtainedwith the MR surfacethat
agreewell with the measurementsf Audibert et al.> We
attribute this discrepancyto an enhancementpossibly un-
physical,in a high-orderanisotropycomponenbf the BMP
potentialwhich is manifestedprimarily in the (v=1,j=0) to
(v'=0'=28) transition.The effect, which is a combination
of a sizeableoverlap of wave functionsfor transitionsbe-
tweenstateswith a small enegy gapanda large anisotropic
potentialcoupling,is observedor the total quenchingcross
sectionfrom other (v,j=0) statesuntil the j'=8 channel
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FIG. 11. Zero-temperaturéotal quenchingrate coefficientsfor v=1 as a
function of rotationalquantumnumberj. For j>1, purerotationalquench-
ing is allowed andthe two potentialsgive betteragreementThe j depen-
denceof theratecoefficientshasbeenexploredin detailby Forrey(Ref. 18).
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becomesclosed. The effect is suppressedvhen either the
enegy gap is increased(e.g., by increasingthe molecular
target reducedmasg or when pure rotational transitions
dominatethe quenching.Theseresultslead us to postulate,
primarily basedon the discrepancywith experimentthatthe
high-orderanisotropycomponent®f the BMP potentialsur

facearenot accuratelydeterminecandmakethe PESunsuit-
ablefor studiesof vibrationaltransitions.

We alsofind zero-enggy resonance the BMP poten-
tial which resultin significantenhancement® boththe elas-
tic and inelastic crosssections.There are, however no ex-
perimentaldatawhich could help to determinethe reality of
the zero-enggy resonancesWhile the (v=10,=0) elastic
crosssectionsfor both PESsagreewell at high enegies,the
results are considerablydifferent at ultracold enegies be-
causeof the manifestationof the zero-enagy resonancdor
the BMP surface,causinga shift in the onsetof the Wigner
thresholdbehaviorin this enegy regime.

Finally, for purerotationaltransitions the crosssections
obtainedwith the two PESsagreewithin a factor of 2. This
differencemay actually signify improvementsin the BMP
surfacefor the lessanisotropiccomponentf the potential.
In conclusion,the BMP surfaceneedsto be reevaluatede-
fore it canbe adoptedin large-scalescatteringcalculations.
Furtherexperimentsare neededor inelasticand elasticpro-
cessedo aid in resolvingtheseissuesaswell asfor bench-
markingthe scatteringcalculations.
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