
Close-coupling
�

calculations of low-energy inelastic
and� elastic processes in 4He collisions with H2

� :
A
�

comparative study of two potential energy surfaces
Teck-Ghee Lee
Department of Physics and Astronomy, University of Kentucky, Lexington, Kentucky 40506,
and Physics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831

C.
�

Rochow, R. Martin, T. K. Clark, and R. C. Forrey
Department of Physics, Penn State University, Berks-Lehigh Valley College, Reading, Pennsylvania 19610

N. Balakrishnan
Department
�

of Chemistry, University of Nevada-Las Vegas, Las Vegas, Nevada 89154

P. C. Stancil
Department of Physics and Astronomy and Center for Simulational Physics, University of Georgia,
Athens,
�

Georgia 30602

D. R. Schultz
Physics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831

A.
�

Dalgarno
IT
�

AMP, Harvard-Smithsonian Center for Astrophysics, Cambridge, Massachusetts 02138

Gary
	

J. Ferland
Department of Physics and Astronomy, University of Kentucky, Lexington, Kentucky 40506

Received
�

27 September2004;accepted25 October2004;publishedonline21 December2004�
The two most recently publishedpotential energy surfaces 
 PESs� for the HeH2 complex,� the
so-called� MR � Muchnick

�
and Russek� and� BMP � Boothroyd,

�
Martin, and Peterson� surfaces,� are

quantitatively� evaluatedandcomparedthroughtheinvestigationof atom-diatomcollisionprocesses.
The BMP surfaceis expectedto be an improvement,approachingchemicalaccuracy, over all
conformations� of thePEScomparedto thatof theMR surface.We foundsignificantdifferencesin
inelastic
�

rovibrationalcrosssectionscomputedon thetwo surfacesfor processesdominatedby large
changes� in target rotationalangularmomentum.In particular, the H2(

�����
1,j
�! 

0
"

) total quenching
cross� sectioncomputedusingthe BMP potentialwasfound to be a factor of 1000larger thanthat
obtained# with theMR surface.A lesserdiscrepancypersistsovera largerangeof energiesfrom the
ultracold$ to thermalandoccursfor otherlow-lying initial rovibrationallevels.TheMR surfacewas
used$ in previouscalculationsof the H2(

��%�&
1,j
�('

0
"

) quenchingratecoefficientandgaveresultsin
close� agreementwith theexperimentaldataof Audibertet) al. which* wereobtainedfor temperatures
between
+

50and300K. Examinationof therovibroniccouplingmatrixelements,whichareobtained
following
,

a Legendreexpansionof the PES,suggeststhat the magnitudeof the anisotropyof the
BMP
�

potentialis too large in the interactionregion.However, crosssectionsfor elasticandpure
rotationalprocessesobtainedfrom thetwo PESsdiffer typically by lessthana factorof 2. Thesmall
dif
-

ferencesmaybeascribedto thelong-rangeandanharmoniccomponentsof thePESs.Exceptions
occur# for ( .�/ 10,j

�(0
0
"

) and( 1�2 11,j
�!3

1) wheresignificantenhancementshavebeenfoundfor the
low-energy quenchingand elasticcrosssectionsdue to zero-energy resonancesin the BMP PES
which* arenot presentin the MR potential. © 2005 American Institute of Physics.4
DOI:
5

10.1063/1.18333516

I. INTRODUCTION

The study of the He–H2
7 interactionhasa long history

and� canbetracedbackto at leasttheconstructionof a simple
analytic� potentialenergy surface8 PES

9 :
by
+

Roberts1 in
�

1963.
Since
;

the beginningof the 1970s,scatteringbetweenatomic
He
<

and the H2
7 molecule= has been investigated

experimentally> .2–4 The
?

laserRamanscatteringtechniquepio-
neeredby Audibert et) al.3

@
has given accurateand detailed

results.Theseexperiments,which coveredthe sub-thermal

regime,were accurateenoughto reproducethe small struc-
tures
A

in the measuredrate constantsB see� Ref. 9C and� have
promptedD considerabletheoretical interest.5–9

E
Calculations
F

havebeenperformedusingabG initio and� approximatequan-
tal
A

formalisms,classicalandsemiclassicalmethods,andvari-
ous# intermolecularpotentials.

Collisions
F

involving hydrogenmoleculesandhelium at-
oms# are of great interestfor threemain reasons.First, this
collision� systemis a prototypefor chemicaldynamicsstudies
and� canbe usedasa testinggroundfor the scatteringtheory
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of# nonreactiveatom-diatomcollisions involving a weak in-
teraction
A

potential.Second,rotationalandvibrational transi-
tions
A

in H2
7 induced
�

by collisions with He are of practical
importance
�

in modelsof astrophysicalenvironmentswhere
the
A

physical conditionsmay not be accessibleto terrestrial
experiments.> Examplesinclude low densitiescharacteristic
of# giant molecularclouds in the interstellarmediumwhere
star� formation occurs.Heating of the interstellarcloud by
strong� shockwavesinducesrotationaland vibrational exci-
tation
A

of the H2
7 moleculesleadingto collision-induceddis-

sociation� to two freeH atoms.Third, with recentexperimen-
tal
A

advancesin the trapping of molecules,10–13 collisional�
studies� of theHe–H2 system� havegivennewinsight into the
behavior
+

of atom-diatomcollisionsat ultracoldtemperatures
including
�

investigationsof Feshbachresonances,predisso-
ciation� in van der Waalscomplexes,determinationof com-
plexD scatteringlengths,testingof effective rangetheoryand
W
K

igner thresholdlaws, and quasiresonantvibration-rotation
ener> gy transfer.14–18

Due to the continualadvancementof computertechnol-
ogy# and computational methodologies, theoretical
studies� 19,20 of# inelasticcollisions betweenHe and H2

7 have
L

been
+

performedwith increasinglylarger basissetsandhave
yieldedM a deeperunderstandingof the collision mechanism
as� well as providing benchmarkdata for astrophysicsand
chemistry� . The accuracyof quantumscatteringcalculations
is dictatedby the flexibility andreliability of the interaction
potentialD energy surfaceof the projectile atom and target
diatom.
-

Especiallyin the caseof atom-diatomcollisions in
the
A

ultracoldregime,wherethe interactiontime betweenthe
projectileD atom and moleculartarget is considerablylonger
than
A

the rotational/vibrationalperiod of the molecule, the
incoming
�

atom is a sensitiveprobeof the PESof the com-
plex.D Consequently, the targetmoleculehastime to adjustto
the
A

field of the slow moving atom and the scatteringcross
sections� aresensitiveto the anisotropyof the PES.

Muchnick
�

and Russek21 constructed� a PES for He–H2

which* incorporatedtheabG initio potentialD energy calculations
of# Meyer et) al.22

7
and� RussekandGarcia.23

7
A crucial feature

of# Muchnick and RussekN MR
� O

PES
9

is the inclusion of the
H
<

2 vibrationalP coordinaterQ to
A

describethe motion of the
nuclei in the molecule.The PESwasconstructedto behave
in
�

a physicallyrealisticfashionin thenonequilibriumregions
but
+

the fit wasnot constrainedby abG initio data.
-

The PEScalculatedby Muchnick and Russekwas em-
ployedD by Flower et) al.19 and� later by Balakrishnanand
co-workers,� 15,20and� Forreyandco-workers16–18 to

A
obtainthe

cross� sectionsand the correspondingrate coefficients for
rovibrational transitionsin ortho- and para-H2 inducedby
collisions� with He. Flower et) al. applied� a quantalcoupled-
channel� methodthat useda harmonicoscillator approxima-
tion
A

for theH2 wave* functionsandtheir presentedresultsfor
vibrationalP statesR�S 0,

"
1, and2. Comparisonwasmadewith

previousD calculationsand with measurementsat both low
and� high temperatures,and the agreementwas found to be
good.T Balakrishnanet) al.15 performedD similar calculations
with* numericallydeterminedH2 wave* functionsusing Her-
mite= basissetsand the H2

7 potentialD of Schwenke.24
7

Their
?

predictedD quenchingratecoefficientswith theMR PESgave

goodT agreementwith the experimentalresultsof Audibert
et) al.3

@
for vibrationalrelaxationof H2(

��U�V
1,j
�!W

0
"

) by He im-
pactD at temperaturesbetween50 and 300 K. Subsequently,
the
A

samePES has beenemployedto investigaterotational
and� vibrationalexcitationtransitions.16–18,20

The mostrecentanalyticHeH2
7 PESwasconstructedby

Boothroyd,
�

Martin, andPetersonX BMP
� Y[Z

Ref.
�

25\ from
,

more
than
A

25000 abG initio data
-

points.The BMP surfacenot only
accurately� representsthe van der Waalspotentialwell, but
also� fits theinteractionregionwith chemicalaccuracy, giving
an� orderof magnitudeimprovementin RMS

]
errors> compared

to
A

the MR PES.While suchan improvementis critical for
chemical� dynamicsstudies,theBMP potentialwasalsocon-
strained� by the abG initio data

-
to accuratelydescribelarge

H
<

2
7 -moleculesizesandshortHe impactdistances.Theseen-

hancementsallow studiesof highly excitedH2 and� collision-
induceddissociation.

In
^

this paperwe presenta comparativestudyof the MR
and� BMP potential surfacesfor collisions of vibrationally
and� rotationally excited H2 by

+
He impact. The scattering

cross� sectionsand their correspondingrate coefficientsare
calculated� using the nonreactivequantummechanicalclose-
coupling� method.In Sec.II, we outlineclose-couplingtheory
and� give a brief descriptionof the PESs.We presentour
resultsanddiscussionin Sec.III anda summaryandconclu-
sion� in Sec. IV. Atomic units are used throughout,unless
otherwise# noted, i.e., e)(_ m` eacb aG od�e 1 a.u., while 1 hartreef 27.2116eVg 627.51

h
kcal/mol.

II. THEORETICAL METHODS

A.
i

The close-coupling approach

Calculations
F

of rovibrational transition cross sections
and� thermally averagedrate coefficientsprovide stringent
tests
A

of the potentialenergy surfacesof the HeH2
7 molecule.

T
?
o computethesecrosssectionsandratecoefficients,we use

a� quantum-mechanicalclose-couplingmethodthat hasbeen
described
-

in detail elsewhere.26
7

Here we provide a brief
overview# of the essentialelementsof the approach.The
time-independent
A

Schrödinger
-

equationfor the Hej H
<

2
7 col-�

lision systemin the centerof massframeis given by

Tr k TR lnm H2 o r prq V I s r,t R,tvuxwzy E { JM
|~}

R� ,t r���r� 0,
" �

1�
with* T

�
r����� 1/2m`�� r

2
7

and� T
�

R
����� 1/2��� R

2
7
,t where m` is

�
the

reduced� massof the H2 molecule= and � is
�

the reducedmass
of# the He–H2 complex.� The internucleardistancebetween
the
A

two H atomsis denotedby r,t R is the distancebetween
the
A

He atomandthecenterof massof H2
7 ,t and � is

�
theangle

between
+

r� and� R� . The term � H2
� (� r)
�

is the isolatedH2 poten-D
tial
A

andV I
� (� rQ ,t R] ,tv� )� is theHe–H2

7 interaction
�

energy. To solve
Eq.   1¡ ,t we expandthe total wavefunction ¢ JM

|
(
�
R£ ,t r¤ )� in the

form
,

¥ JM
|~¦

R§ ,t r̈�©rª 1

R

«
n¬ Cn¬®­ R ¯r° n¬®± R̂,t r²�³ ,t ´ 2µ

where* the channelfunction ¶ n·¹¸ (
�»º

j l
�

;JM
¼

)
�v½

is given by
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Thevibrationalandrotationalquantumnumbersaredenoted
by
+ãâ

and� j
�
,t respectively, andl

Ô
is theorbital angularmomen-

tum
A

of He with respectto H2
7 ,t J
¼

is
�

the total angularmomen-
tum
A

quantumnumber ä i.e., J
¼ åzæ

l
Ô çéè

j
� ê
),
�

M is the projectionof
J
¼

onto# the space-fixedzë axis,� and( j
�
,t lÔ ,t J¼�ì m` j

È ,t m` l
Ö ,t M× )

�
denotes

a� Clebsch-Gordoncoefficient.The correspondingeigenval-
ues$ í®î

j
Èðï rovibrationalbindingenergiesñ are� obtainedby solv-

ing the radial (r)
�

nuclearSchrödinger
-

equationfor the dia-
tom
A

H2
7 ,t

ò 1

2m`
d
ó 2

dr
ó 2
7¹ô j

�!õ
j
�(ö

1 ÷
2mr` 2

7ùønú
H2
�Êû r ü ýÿþ j

È�� r ������� j
È
	��

j
È�
 r � ,t � 4�

by
+

expanding��� j
È (� rQ )� in termsof a Hermitepolynomialbasis

with* the H2 potentialD �
H2

(
�
rQ )� , takenfrom Schwenke.24 Sub-

;
stituting� Eqs. � 2� – � 4� into Eq. � 1� ,t we arrive at a systemof
close-coupling� equations

d
ó 2

dR
ó 2
7�� l

Ô
i � lÔ i � 1 �

R2
7 � 2  E i C i ! R "

# 2
$&%('

n¬ Cn¬�) R]+*-,/. i 0 V I
�2143

n¬�5 ,t 6 57�8
where* E i 9 E : j

È is the initial kinetic energy and l
Ô

i is the or-
bital
+

angular momentumin the i
;
th
A

channel.To solve the
coupled� radial equations< 57�= ,t we usedthe hybrid modified
log-derivative-Airypropagator27

7
in thegeneralpurposescat-

tering
A

codeMOLSCAT.28
7

Thelog-derivativematrix27
7

is propa-
gatedT to large intermolecularseparationswherethe numeri-
cal� resultsarematchedto theknownasymptoticsolutionsto
extract> the physicalscatteringmatrix. This procedureis car-
ried� out for eachpartialwaveuntil a convergedcrosssection
is
�

reached.We havecheckedthat the resultsare converged
with* respectto the numberof partial wavesas well as the
matchingradiusfor all channelsincludedin thecalculations.

W
K

e also adoptherethe total angularmomentumrepre-
sentation� introducedby ArthursandDalgarno29 in

�
which the

cross� sectionfor transitionsfrom an initial > j
�

vibrational-P
rotationallevel to the final ?&@ j�BA level is given byCED

j
ÈGFIHKJ

j
ÈMLON E P j

È-Q
R S

2 T E U j
È�V 2 j
�XW

1 Y ZJ|K[ 0
\
]_^

2J
¼a`

1 b
c d

l
Öfehg

J
|Ki

j
È�j

j
J
|lk

j
È�m n

l
Ö2ofphq

J
|lr

j
ÈlsOt

t
J
|lu

j
ÈlvOwyx{z

j j
È}|4~

ll
Ö��4�����l�f� S

�
j j
È��

ll
Ö������l�J

| �
2. � 6h��

The total energy E is related to the kinetic energy of the
incomingparticleaccordingto E � E � j

È������
j
È .

The
?

ratecoefficientfor a given transitionis obtainedby
averaging� the appropriatecross section over a Boltzmann
distribution
-

of velocitiesof the projectileatom at a specific
temperature
A

T:

k
���

j
ÈG���l�

j
Èl�4� T ��� G

 
0
\ ¡ dE
ó£¢

j
È
¤E¥

j
Èf¦�§l¨

j
Èl©4ª E « j

È-¬ E ­ j
È e) (
®
¯X°

E
±³²

j
Ð )´ ,t¶µ 7·�¸

where* the constantG
 º¹¼»

(8
�

/½¿¾ÁÀ )
��Â 2 and� ÃÅÄ (

�
k
�

B
Æ T)
��Ç 1 with*

k
�

B
È being
+

Boltzmann’s constant.The total quenchingrateco-
efficient> canbe calculatedfrom

k
��É

j
È�Ê T Ë�ÌÎÍÏlÐ jÈlÑ k

�³Ò
j
ÈfÓ�ÔlÕ

j
ÈlÖ4× T Ø . Ù 8Ú�Û

B. Potential energy surfaces of HeH2

Being one of the simplesttriatomic molecularsystems,
the
A

HeH2
7 PES
9

has been extensivelystudied theoretically
over# the last four decades.Sinceeachof He andH2

7 has
L

only
two
A

valenceelectronsin closedshells,this trimer providesa
fundamentaltestof the quantumchemistrymethodsfor cal-
culating� the van der Waalsinteractions.The searchfor evi-
dence
-

of a boundHeH2 halo
L

moleculeis also a fascinating
subject� andits stability dependssensitivelyon the PES.The
PEShasalsobeenexploredexperimentallyusinga varietyof
state-of-the-art� experimentaltechniques.30,31

@
The
?

historical developmentof the refinementsof the
HeH2 PES,which can be tracedback to at least the early
1960s,hasbeenreviewedby BMP.25

7
Here,we outline some

characteristics� of the two most recentlypublishedabG initio
analytic� HeH2 potentialD energy surfaces,both of which we
have incorporatedinto our scatteringtheory computerpro-
gram.T The first PESwe usedwaspublishedin 1994by MR
which* was adoptedin the scatteringcalculationsperformed
by
+

Floweret) al.,t 19 Balakrishnanandco-workers15,20and� For-
rey andco-workers.16–18 This abG initio HeH2 PESovercame
many= of the deficienciesof earlierPESswhich adoptedthe
rigid� rotor approximationor consideredonly equilibrium H2

geometries.T TheseearlierPESsalso lackedfits, eithersemi-
empirical> or empirical, for the remainderof the surfacethat
was* not constrainedwith abG initio data,

-
which severelylim-

ited
�

their use for atom-diatomcollision calculations.How-
ever> , MR generalizedthe HeH2 PES basedon the physics
underlying$ the principal interactionmechanismsresponsible
for
,

the PES,using 19 fitting parameters.This surfacewas
fitted
Ü

to a combinationof the abG initio ener> gies of Meyer
et) al.22

7
and� of Russekand Garcia.23

7
As a result, the MR

HeH2
7 interactionwas constructedto be accuratein the van

der
-

Waalspotentialwell and at the small-R
]

repulsive� wall,
and� to havephysicallyreasonablebehaviorin regionsof the
PESnot constrainedby abG initio data.

-
The
?

secondHeH2
7 PES
9

we employedis the most recent
one# publishedby Boothroydet) al.25 in

�
2003.This PESwas

devised
-

to representaccuratelythe van der Waalswell and
the
A

interactionregionrequiredfor chemicalreactiondynam-
ics.
�

Consequently, a setof over 25000 abG initio pointsD was
calculated� for HeH2 geometries.T Both theground-stateanda
few excited-stateenergies were computed,and the conical
intersectionof the ground statewith the first excited state
was* mappedout approximately. A differentanalyticPESwas
fitted
Ü

to theabG initio data,
-

yielding an improvementby more
than
A

an order-of-magnitudein the fit in the interactionre-

024307-3 Low-energy processes in He Ý H2
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gion,T comparedto the MR HeH2 PES.Unlike the MR PES,
abG initio pointsD wereusedto constrainthe fit for large H–H
separations.�

Both theBMP andMR PESsareexpressedasa function
of# distancesbetweenthe threeatomsin the system.For the
purposeD of the collision calculations,however, it is more
convenient� to expandthe interactionpotential in terms of
Legendre polynomials P ß of# the order of à as� in the
MOLSCAT computer� program,

V I á rQ â ,t R] ã�ä�åçæéè
êìë íïî rQ ,t R]+ð Pñóòïô cos� õ/ö . ÷ 9ø�ù

The
?

reducedpotentialcouplingmatrix elementsrequiredfor
the
A

scatteringcalculationsareobtainedfrom

úüû
j
Èfý�þlÿ

j
È��� �

R ���
0
\ � dr
ó	��


j
È* � r 
������ r,t R ������� jÈ���� r � . � 10�

Neither
 

BMP nor MR expresstheir PES functions in the
form
,

of Eq. ! 9ø�" ,t but in termsof multibody expansionswith
physically-motivatedD functional forms.

III.
#

RESULTS AND DISCUSSION

W
K

e havecarriedout close-couplingcalculationsfor col-
lisions of 4He with H2 using$ the BMP and MR PESs.The
total
A

quenchingratecoefficientfor H2
7 (��$�% 1,j

�'&
0
"

) is shown
in
�

Fig. 1 for temperaturesin the range10( 4
)

K
*

and 300 K.
The rate coefficients attain finite values for temperatures
lower than 1 mK in accordancewith Wigner’s law. Unex-
pectedlyD , we find that the total quenchingrate coefficient
computed� with the BMP PESis asmuchas threeordersof
magnitudelarger than that calculatedwith the PESof MR.
Only
+

theresultsfrom theMR PESagreewith theexperimen-
tal
A

dataof Audibertet) al.3
@

Good
,

agreementwith theAudibert
et) al. results� were previously obtained by Balakrishnan

et) al.15 who* alsousedthe MR PES.This significantdiscrep-
ancy� suggeststhat the PESof BMP may containsomeun-
physicalD behaviorin eitherthenewly computedabG initio data

-
or# the adoptedfit functions.The differentslopesof the rate
coefficients� obtainedusing the BMP and MR surfacesindi-
cate� that a much larger fraction of the availableenergy is
taken
A

up as rotation in collisions on the BMP surface.To
identify the origins of this discrepancyin the BMP surface,
we* haveexaminedtheconstituentchannelsof thequenching
rate� coefficients.

Figure 2 displays the inelastic rovibrational state-to-
state,� nonthermalrate coefficientsas a function of collision
ener> gy. The nonthermalrate coefficient is definedhere as
cross� section- 1,0. 0,

\
j
È0/ times
A

collision velocity 1 in
�

thecenter
of# mass frame. The rate coefficientscomputedusing the
BMP PES 2 see� Fig. 23 a�54�6 are� seento increasemonotonically
with* j

�87
over# the entire energy range.This behavior is in

sharp� contrastto thestate-to-stateratecoefficientscomputed
with* the MR surfaceshownin Fig. 29 b+�: ,t which displaysno
obvious# orderingwith j

�8;
. Thediscrepancybetweenthe total

quenching� ratecoefficientsshownin Fig. 1 is evidentlydue
to
A

the j
�8<>=

8
Ú

channelwith the BMP surface,the ratecoeffi-
cient� of which is morethanthreeordersof magnitudelarger
than
A

any of the state-to-stateMR rate coefficientsgiven in
Fig.
?

2@ b+BA . An appreciablecontributionalso comesfrom the
j
�8CED

6
h

channelwith the BMP result being a factor of 10
larger thanthat obtainedwith the MR PES.

By
�

calculating the F -dependentpotential couplingson
Eq.
G H

9
øBI

,t we may gain some insight into the origin of the
discrepancies.
-

Figure3 showsdiagonalandoff-diagonalre-
duced
-

potential coupling matrix elements,defined in Eq.

FIG. 1. Total quenchingrate coefficient for ( J�K 1,j
LNM

0) as a function of
temperature.
O

The solid and dashedcurves are results obtainedusing the
BMP
P

andMR potentials,respectively. The solid squareswith error barsare
the
O

experimentalresultsof Audibert et al. Q Ref.
R

3S . The MR curve agrees
very well with the experimentaldata,whereasthe BMP curvedoesnot.

FIG.
T

2. InelasticcrosssectionU 1,0V 0,
W

j
XZY times
O

collision velocity [ nonthermal\
rate] coefficient^ asa functionof collision energy. ComputedusingtheBMP_
à and MR a bb5c PES.The j

Ledgf
8 contributionstrongly dominatesthe BMP

results] over the entireenergy rangeshown,andis responsiblefor the large
discrepancywith experimenth seeFig. 1i .

024307-4 Lee et al. J.
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k
10l . Only theeventermscontributeheresincethediatomis

a� homonuclearmolecule. To analyze the present results,
which* dependprimarily on the intermediateand long-range
behavior
+

of the PES, we examinethe first five terms ( mn 0,
"

2, 4, 6, 8o in
�

theexpansionof V I
� (� rQ p ,t R] q )

�
. Figures3r a�5s and�

3
àut

b
+Bv

show� a comparisonbetweentheBMP andMR diagonal
matrix elementsfor ( wyx 1,j

�'z
0
"

). The first radial coefficient{ 0
\
(
�
R)
�

representsthe sphericalcomponentof the interaction,
while* thehighertermsdefinetheanisotropicbehaviorof the
PES.
9

Comparing | 0
\
(
�
R
]

)
�

obtainedfrom the BMP and MR
PES,we find that the two yield essentiallyidentical results
with* the repulsivewall of the ( }y~ 1,j

���
0
"

) channelfor both
cases� occurring at distancesjust less than R

]��
6
h

a.u. While
there
A

are evidently significant differencesfor the higher�u� (
�
R)
�

terms for R � 5
7

a.u., thesedifferencesappearinside
the
A

repulsivebarrier � the
A � 0

\
(
�
R)
�

term� ,t a region which will
not� be accessiblein the low-energy collisions considered
here,
L

andthereforewill havenegligible impacton the cross
sections.�

In Figs. 3� c��� and� 3� d-B� ,t the off-diagonalcouplingmatrix
elements> for the dominantstate-to-statetransitionsobtained
with* the BMP surfacearepresented.Figure3� c�5� revealsthe
striking� differencebetweenthe BMP and MR off-diagonal
coupling� matrix elementfor ��� 8.

Ú
Comparing��� 0

"
of Fig.

3
àu�

a��� with* Fig. 3� c�5� ,t we seethat theBMP potentialprovidesa
significant� off-diagonal ��� 8

Ú
coupling for distancesoutside

the
A

potential barrier which are accessibleduring the colli-
sion.� Conversely, theMR couplingis shiftedto smallerR

]
so�

that
A

the magnitudeof the couplingis significantlysmallerin
the
A

interaction region. Therefore, the discrepancyin the
(
�
1,0)� (

�
0,8) quenchingratecoefficient,aswell asthe total,

can� be attributedto the enhancementby the BMP surfaceof
the
A ���

8
Ú

off-diagonalcoupling.Figure3� d-�  makes= a similar
comparison� of off-diagonal couplings for ¡�¢ 6.

h
The BMP

coupling� is againlarger, but thedifferenceis not asdramatic

as� for the £�¤ 8
Ú

caseconsistentwith the smallerdifferences
between
+

the (1,0)¥ (
�
0,6) transitionrate coefficientsshown

in
�

Fig. 2.
The
?

importanceof including higher-order terms in the
Legendrepolynomial expansionof the interactionpotential
in accuratelydeterminingvibrational quenchingrate coeffi-
cients� at low temperatureshasbeenthe topic of a numberof
recentinvestigations.3

@
2–35 Krems

* 32
@

showed� thatfor thevibra-
tional
A

relaxationof CO( ¦¨§ 1) by collisions with He atoms
terms
A

as high as ©�ª 30
à

were requiredin Eq. « 9øB¬ to
A

obtain
conver� gedcrosssections.In subsequentcalculations,Krems
et) al.33

@
reportedsimilar behaviorfor the vibrationalquench-

ing of HF( ­y® 1,j
�'¯

0
"

) by collisions with Ar atomswhich
preferentiallyD populatehigh-lying rotational levels in the °± 0
"

vibrational level. In a more recentstudy Uuduset) al.34
@

reportedsignificantdifferencesin the low-temperaturevibra-
tional
A

relaxationratesof H2
7 (�e²y³ 1,j

�'´
0
"

) by collisions with
Ar
µ

atomscomputedusing two different interactionpoten-
tials.
A

They found that (1,0)¶ (
�
0,8) transitiondominatesthe

quenching� when the Ar–H2 potentialD of Bissonnetteet) al.36
@

is
�

used,while no suchpreferenceis observedwhen the in-
teraction
A

potentialof Schwenkeet) al.37
@

is
�

employed.As in
the
A

presentstudy, thedifferenceswereattributedto enhanced
of# f-diagonalcouplingarisingfrom the ·�¸ 8

Ú
term of the po-

tential
A

surfaceof Bissonnetteet) al.36
@

The
?

dominanceof the (1,0)¹ (
�
0,8) transitionfound us-

ing theBMP PESis a consequenceof two characteristics:º i »
the
A

small energy gapbetweenthe initial andfinal states¼ the
A

ener> gy gap is only 111cm½ 1)
�

and ¾ ii�¨¿ the
A

relatively large
potentialD coupling shown in Fig. 3À c��Á . In previousstudies
using$ the MR potential Â i Ã was* satisfied,but not Ä ii Å so� that
the
A

importanceof this channelwasnot seen.Using theBMP
potential,D we can demonstratethat both characteristicsare
required� to obtaina largetransitionrateby artificially enlarg-
ing the energy gap by increasingthe target molecular re-

FIG.
T

3. Æ aÇ Diagonal
È

matrix element
for ( É�Ê 1,j

LBË
0) usingtheBMP poten-

tial.
O

The curves correspondto the ÌÍ 0,2,4,6,8 terms of a Legendreex-
pansionÎ of thepotentialenergy surfaceÏ
seeEq. Ð 10ÑÓÒ . Ô bb5Õ Sameas Ö a× but

b
us-

ing the MR potential. Ø cÙ Off-diagonal
couplingmatrix elementfor Ú'Û 8. Ü dÝ
Off-diagonalcoupling matrix element
for Þ'ß 6.
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duced
-

mass.In Fig. 4, the zero-temperaturerate coefficient
for the (1,0)â (0

�
,j
�8ã

)
�

transitionsobtainedwith the BMP po-
tential
A

aredisplayedasa functionof targetmoleculereduced
mass.= The nearly exponentialdecreasein the (1,0)ä (

�
0,8)

transition,
A

andthesmallerdecreasesin theotherchannels,is
consistent� with theaboveargument.While thereis no change
in
�

the BMP potential coupling, å i�çæ is
�

reducedwith the in-
creasing� energy gap è increasing reduced massé until$ the
(
�
1,0)ê (

�
0,8) channellosesits dominancefor m` /

ë
m` H2
�5ì 2. For

m` /
ë
m` H
í

2 î 2.5
$ ï

where* 2.4 correspondsto DTð ,t the j
�8ñEò

10
channel� becomesexoergic and its dominanceis likely to be
due
-

to an enhancedBMP off-diagonalcouplingfor ó�ô 10.
T
?
o ascertainwhetherthe abovediscrepancywill mani-

fest itself for other inelastic transitions,we also calculated
the
A

nonthermalrate coefficientsfor quenchingof the initial
(
�eõyö

2,
$

j
��÷

0
"

) state to individual rotational levels of the øù 1 vibrationalstateusingboth the BMP andMR potential
surfaces� shownin Fig. 5. The dependenceon j

�ûú
of# the tran-

sitions� is identicalto thatseenfor the( üyý 1,j
��þ

0
"

) quenching
rate� coefficientsfor thetwo potentials.Again, themajorcon-
tribution
A

comesfrom the j
�ûÿ��

8
Ú

channelwhen the BMP po-
tential
A

is used.
For the higher vibrational states,we illustrate in Figs.

6
h��

a��� and� 6� b+�� the
A

variationof the total quenchingratecoef-
ficients
Ü

with respectto thevibrationalquantumnumber 	 for
,

j
��


0
"

and j
�
�

1 at zero temperature.We found that the j
���

� 8
Ú

componentis unmistakablydominantfor ��� 4 whenthe
BMP
�

PESis used.However, when ��� 4,
�

the j
�����

8
Ú

channel
is
�

closedand the total quenchingrate is dominatedby the
j
�����

6
h

contribution.The peakobservedat ��� 10 is due to a
zero-ener� gy resonancewhich is a consequenceof a quasi-
bound
+

stateof the HeH2
7 complex�  see� below! .

For j
�
"

1, shownin Fig. 6# b+�$ ,t thereis no j
��%�&

8
Ú

contribu-
tion
A

sincetransitionsto this stateareforbiddenandthereare
no� j
��'�(

9
ø

contributionsbecausethe channelis closedfor all) . The major contributionto the total quenchingratecoeffi-
cients� comesfrom the j

��*�+
7
·

component( ,.- 6
h

) instead.We
found that the j

��/�0
7
·

contribution for j
�
1

1 continuesto be

strong� up to high energies;thezero-energy resonanceis also
presentD in the BMP PESfor 2�3 11,j

�
4
1.

In Figs. 75 a��6 , 7t87 b+�9 , 8t;: a�=< ,t and 8> b+�? we* illustrate the
ener> gy-dependentelasticcrosssectionsfor @�A 0,

"
1, 2, and

10, respectively, for both the MR and BMP potentialsand
with* j

��B
0.
"

The differencesseenfor the first threeare likely
due
-

to improvementsin the long-rangeportion of the BMP
potentialD comparedto that of the MR surfacewhereanisot-
ropy� effectsdo not play a role.The two potentialsgive good
agreement� for elasticscatteringat high collision energies.

For the ( C�D 10,j
�
E

0
"

) elastic crosssection, the results
based
+

on the two PESsgive reasonableagreementat high
collision� energies. However, as the collision energy de-
creases� below E F 0.1

"
cmG 1,t the two curvesstart to deviate

considerably� . Both a significantenhancementof the elastic
cross� sectionwith decreasingcollision energy anda shift in
the
A

onsetof the Wigner thresholdbehaviorin the ultracold
region can be attributed to the presenceof a zero-energy
resonance� in theBMP PES-basedcalculation.This situation,
where* one PES-basedcalculation predicts a zero-energy
resonanceandtheotherdoesnot,wasseenbeforein thecase
of# Ar H H2

7 collisions.� 38
@

Becausethe van der Waalspotential
well* supportsa weakquasiboundstatefor eachexcitedlevel
of# the diatom,16 a� small changein the PEScaneasilymove
the
A

quasiboundstateinto coincidencewith thecorresponding
diatomic
-

energy level.Therefore,theexistenceor absenceof
such� a resonanceis a very sensitivetestof the detailsof the
PES.
9

Returning to inelastic collisions, other differencesthat
are� manifestedmay be seenby consideringthe I�J 10,j

�
K
0
"

FIG. 4. Zero-temperatureratecoefficientsfor ( LNM 1,j
L�O

0) asa function of
diatom reducedmassmP usingQ the BMP potential.The nearly exponential
behavior
b

of the j
LNRTS

8 contributionis consistentwith exponentialenergy gap
behavior
b

seenpreviously.17 The
U

inelasticresultsfor mP correspondingto DT
andT2

V arenot as sensitiveto the j
LNWTX

8 contribution.

FIG. 5. InelasticcrosssectionY 2,0Z 1,j
X\[ times
O

collision velocity ] nonthermal
rate coefficient^ as a function of collision energy computedwith the BMP_
à and the MR a bb=b potential.Î The j

LNcTd
8 contributionagainstronglydomi-

natestheBMP resultsandproducesa significantdisagreementwith theMR
results.
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statef sincea peak in the g distribution
h

for the zero-energy
quenchingi rate coefficient is evident in Fig. 6j ak=l . Specifi-
callym , Figs.9n ak=o andk 9p bq�r showf theenergy dependenceof the
rate coefficients for transitions from the initial ( s�t 10,j

u
v 0
w

) level into ( x�y 9,
z

j
u�{

)
|

for the BMP and MR potentials,
respectively} . Figure 9~ ak�� showsf that for collision energies
less
�

than � 0.1
w

cm� 1,� the ratecoefficientsincreasewith de-
creasingm energy. This is due to the presenceof the zero-
ener� gy resonance.However, the nonthermalratecoefficients
computedm usingthe MR potentialshownin Fig. 9� bq�� do

h
not

display
h

this behavior—thezero-energy resonancesimply
does
h

not exist for the MR potential.Thereforethe ultracold
quenchingi crosssectionsare very different for the MR and
BMP
�

PESs.Nevertheless,bothresultsarein goodagreement
atk E � 100cm� 1,� which is expectedfor high collision ener-
gies,� sincethe influenceof thezero-energy resonancegradu-
allyk decreaseswith energy.

This
�

differs from the strong j
u����

8
�

contributionfrom the
BMP PESfor ��� 4 which persistsevenfor higherenergies�
ask demonstratedin Fig. 2� . Notefurtherthatthe j

u��
orderings�

of� the( ��� 10,j
u
�

0
w

) state-to-stateratecoefficientsarenot the
samef as observedfor the ( ��� 1,j

u
�
0
w

) and ( ��� 2,
�

j
u
�

0)
w

cases.m
Fromtheseresults,we find that the largestdiscrepancies

occurred� for vibrational transitionswhere large changesin
angulark momentumare allowed. Suchtransitionsprobethe
anisotropyk of the potential to high order. The differences

noted  for the elasticprocesses,which aredeterminedby the
sphericalf ( ¡£¢ 0

w
) term of the potential,are likely dueto im-

provements¤ madein the BMP PES.
Figures 10¥ ak�¦ andk 10§ bq�¨ display

h
the (0,2)© (

ª
0,0) and

FIG.
T

7. Elasticcrosssections« 0,0
W­¬ a® and ¯ 1,0 ° bb=± asa functionof collision

energy. Thetwo potentialsgive goodagreementfor elasticscatteringat high
collisionenergies.Thedifferenceatultracoldenergiesis within a factorof 2,
which is typical for mostof the ( ² , j

L
) levelsof this system.

FIG.
T

8. Elasticcrosssections³ 2,0
Vµ´ a¶ and · 10,0 ¸ bb�¹ asa functionof collision

energy. The two potentialsagaingive good agreementfor elasticscattering
at high collision energies.The presenceof a zero-energy resonancefor ( º» 10,j

L½¼
0) causesa significantincreasein the BMP result at low energies

and a shift in the onset of the Wigner threshold behavior at ultracold
energies.

FIG. 6. ¾ a¿ Zero-temperaturetotal quenchingratecoefficientsfor j
L½À

0 as a
function of Á . The j

LNÂTÃ
8 contributionis stronglydominantfor ÄNÅ 4

Æ
when

usingQ theBMP potential.For ÇNÈ 4, the j
LNÉTÊ

8 channelis closedandthetotal
quenchingrateis dominatedby the j

LNËTÌ
6 contribution. Í bb=Î Sameas Ï aÐ but

b
for j

L�Ñ
1 case.The j

LÓÒÕÔ
7 contributionis dominantfor low Ö whenusingthe

BMP
P

potential. The peaks in the BMP curves at ( ×NØ 10,j
L½Ù

0) and ( ÚÛ 11,j
L�Ü

1) are due to zero-energy resonances.The influenceof the zero-
energy resonancesdisappearsasthecollision energy is increased.The large
differencesbetweenthe two potentialsat low Ý , however, persist for all
energies.
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(
ª
1,2)à (

ª
1,0) deexcitationcrosssectionsfor pure rotational

transitions,
á

respectively. Theresultsfrom bothPESsarevery
similarf , the BMP result is always 10%–30% smaller, the
discrepancy
h

being â 10% in the high-energy region.These
transitions
á

are not strongly affectedby the higher-order an-
isotropyof thepotential ã i.e., ä£å 2), andtheBMP resultsare
likely to be improvements.This is further illustratedin Fig.
11 where the zero-temperaturetotal quenchingrate coeffi-
cientsm for æ�ç 1 aregiven asa function of j

u
. For j

uéè
1, pure

rotational quenchingdominatesand the two PESsgive re-
sultsf which agreeto within abouta factor of 2. The signifi-
cantm drop in the j

u�ê
22
ë

and 23 quenchingrate coefficients
wasì exploredpreviouslyby Forrey.18

IV
í

. SUMMARY AND CONCLUSIONS

In summary, we havecarefully and critically compared
the
á

two most recentlypublishedabî initio interactionpoten-
tial
á

energy surfacesï PESs
ð ñ

for
ò

HeH2
ó by
q

performingelastic
andk inelasticscatteringcalculationsfor collisionsof 4

ô
He
õ

with
H2 . The calculationswere performedusing a nonreactive
quantum-mechanicali close-couplingmethod and were car-
ried} out for collision energies ranging from the ultracold
(1
ª

0ö 6
÷

cmmùø 1)
|

to the thermal (100cmú 1)
|

regime. Using
MuchnickandRussek21

ó
PES,we havereproducedtheinelas-

tic
á

crosssectionsû 10ü 0
\

j
Èþý (ª Eÿ )

|
and the total quenchingrate

coefficientsm of Balakrishnanet� al.15 However
õ

, the inelastic
crossm sections � 10� 0

\
j
È�� (ª E)

|
obtained from the Boothroyd

et� al.25
ó

PESaresignificantlydifferent.Thecorrespondingto-
tal
á

quenchingrate coefficients turn out to be a thousand

times
á

larger than thoseobtainedwith the MR surfacethat
agreek well with the measurementsof Audibert et� al.3

�
We
�

attributek this discrepancyto an enhancement,possibly un-
physical,¤ in a high-orderanisotropycomponentof the BMP
potential¤ which is manifestedprimarily in the( �	� 1,j

u�

0)
w

to
(
ª
�����

0,
w

j
u����

8
�

) transition.The effect, which is a combination
of� a sizeableoverlap of wave functions for transitionsbe-
tween
á

stateswith a small energy gapanda large anisotropic
potential¤ coupling,is observedfor the total quenchingcross
sectionf from other ( � ,� ju�� 0

w
) statesuntil the j

u����
8
�

channel

FIG.
T

9. � a� Inelastic
�

crosssection � 10,0� 9,
 

j
X"! times
O

collision velocity # non-\
thermal
O

ratecoefficient$ asa functionof collision energy computedwith the
BMP potential.The increasein the crosssectionswith decreasingenergy is
dueto thepresenceof a zero-energy resonance.% bb'& Sameas ( a) but

b
with the

MR
*

potential.Thereis no zero-energy resonancefor the MR potential,so
the
O

ultracoldresultsarevery different thanin + bb', .

FIG. 10. Comparisonof BMP andMR baseddeexcitationcrosssectionfor
the
O.-

j
L0/21

2 rotationaltransitionfrom the j
L03

2 initial rotationallevel of H2
V

in vibrational levelsof 4
5 0 and1 as a function of collision energy.

FIG. 11. Zero-temperaturetotal quenchingrate coefficientsfor 687 1 as a
function of rotationalquantumnumberj

L
. For j

L:9
1, purerotationalquench-

ing is allowed and the two potentialsgive betteragreement.The j
L

depen-
denceof theratecoefficientshasbeenexploredin detailby Forrey ; Ref.

R
18< .
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becomes
q

closed.The effect is suppressedwhen either the
ener� gy gap is increased= e.g.,� by increasingthe molecular
tar
á

get reducedmass> or� when pure rotational transitions
dominate
h

the quenching.Theseresultslead us to postulate,
primarily¤ basedon thediscrepancywith experiment,that the
high-orderanisotropycomponentsof the BMP potentialsur-
face
ò

arenot accuratelydeterminedandmakethePESunsuit-
ablek for studiesof vibrational transitions.

W
�

e alsofind zero-energy resonancesin the BMP poten-
tial
á

which resultin significantenhancementsto boththeelas-
tic
á

and inelasticcrosssections.Thereare, however, no ex-
perimental¤ datawhich could help to determinethe reality of
the
á

zero-energy resonances.While the ( ?A@ 10,j
u�B

0
w

) elastic
crossm sectionsfor both PESsagreewell at high energies,the
results} are considerablydifferent at ultracold energies be-
causem of the manifestationof the zero-energy resonancefor
the
á

BMP surface,causinga shift in the onsetof the Wigner
threshold
á

behaviorin this energy regime.
Finally
C

, for purerotationaltransitions,the crosssections
obtained� with the two PESsagreewithin a factor of 2. This
dif
h

ferencemay actually signify improvementsin the BMP
surfacef for the lessanisotropiccomponentsof the potential.
In
D

conclusion,the BMP surfaceneedsto be reevaluatedbe-
fore it can be adoptedin large-scalescatteringcalculations.
Furtherexperimentsareneededfor inelasticandelasticpro-
cessesm to aid in resolvingtheseissuesaswell as for bench-
markingE the scatteringcalculations.
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