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Rotationaland vibrational distributionsof zero-temperaturecollisional rate coefficientsfor atom-diatom
scattering� are usedtogetherwith effective rangetheory to obtain lifetimes for predissociation.High-order
indirect


potentialcouplingin thequantum-mechanicalcalculationis interpretedusinga simpleclassicalpicture
that
�

describesthe quasiresonantdynamicsof atom-diatomcollisions by the conservationof classicalaction.
The importanceof closedchannelthresholdsin determiningthe structureof the distributionsandthe balance
between
�

momentumgapandnear-resonanteffects is discussed.
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I.
�

INTRODUCTION

The possibility to cool and trap molecules � 1–11� pro-�
vides� a uniqueopportunityto studycollisionsbetweenatoms
and� moleculesat very low translationalenergies � 12–16� and�
may allow experimentaldetectionof very narrow predisso-
ciation� decay widths � 13� . Vibrational predissociationwill
play� an importantrole in the relaxationof vibrationally ex-
cited� trappedmoleculeswhenthe densityof surroundingat-
oms� is high andmaybeusefulin determiningFeshbachreso-
nance parametersfor ultracold atom-moleculecollisions�
13� . Calculationshavedemonstratedthat very efficient and

specific rovibrational transitionsoccur in the limit of zero
temperature
! "

14# . The dynamicsthat producetheseso-called
quasir$ esonant transitions

!
can be expectedto influence the

predissociation� of van der Waalsmolecules.
The
%

importanceof near-resonanteffectsin vibrationaland
rotational predissociationof van der Waals moleculeshas
long beenrecognized& 17–22' . For a vanderWaalsmolecule
consisting� of anatomanda diatom,theinternalenergy of the
diatom
(

is convertedinto translationalenergy of the frag-
ments.In pure vibrational predissociationwhere all of the
diatom’
(

s vibrational energy is convertedinto translational
ener) gy, the predissociationwidths arevery small due to the
lar
*

ge number of oscillations in the final-state continuum
wave+ function.This so-called‘‘momentumgap’’ effect is re-
duced
(

whensomeof the diatom’s vibrationalenergy is con-
verted� to rotationalenergy. A near-resonantprocessof this
kind
,

generallyrequiresa largechangein therotationalquan-
tum
!

numberof thediatom.If thevanderWaalsmoleculehas
weak+ anisotropy, the direct bound-continuumpotentialcou-
pling� is very small. In this case,the higher-order indirect
potential� coupling is controlling the predissociation- 21

.0/
.

However, a detailedunderstandingof the mechanismunder-
lying the high-orderindirect potentialcouplinghasnot been
given.1

T
%
ypically, the balancebetweenthe momentumgap and

near resonanteffects will producean oscillatory rotational
distribution
(

for the partial predissociationwidths of van der
W
2

aalsmoleculesthat havelittle or no internal angularmo-
mentum.3 It hasbeensuggested4 21

.65
that
!

the oscillatoryrota-

tional
!

distributionscould be a rotational rainbow phenom-
enon.) This descriptionrequiresthat the rotationalperiod of
the
!

diatombelongerthanthetime requiredfor thefragments
to
!

separate.
In
7

the presentwork, we considerthe oppositecasewhere
the
!

rotationalperiod is short comparedto the time required
for the fragmentsto separate.For the most weakly bound
state of the van derWaalscomplex,we find that the process
of� predissociationis controlled by the sameclassicaldy-
namicalquasiresonanttransferof energy that is found in ul-
tracold
!

atom-diatom collisions 8 149 . To demonstratethis
finding,
:

we calculatezero-temperaturequenchingrate coef-
ficients for He collisionswith H2 using; the generalpurpose
scattering programMOLSCAT < 23= and� the potential energy
surface of MuchnickandRussek> 24

.6?
. Effectiverangetheory

is
@

usedto relate the rate coefficientsto the predissociation
lifetimes. Thresholdbehavioris explainedusinga perturba-
tive
!

descriptionof the scatteringmatrix elements.

II. THEORY

The
%

calculation of predissociationlifetimes of weak-
anisotropy� van der Waals molecules using perturbation
theory
!

hasbeenthesubjectof severaldetailedinvestigationsA
20,21B . The studiesconcludedthat perturbationtheory cal-

culations� couldsuccessfullymodelthequalitativefeaturesof
numericallyC exactclose-couplingresults,but could not pro-
vide� results that were quantitativelyaccurate D 20,21E . The
reasonwas due to the difficulty in achievingan adequate
representationF of the boundstatewave function and the ne-
glect1 of potentialcouplingbetweenopenchannels.This can
be
G

understoodby consideringthe simplesttype of perturba-
tive
!

schemewhich is often referred to as the space-fixed
distortion
( H

SFD
I J

method.3 In the zeroth-orderapproximation,
the
!

wave functions are computedby neglectingthe nondi-
agonal� matrix elementsV i f ,K andthe decayprocessis calcu-
lated
*

usingthe standardrule

L
i M N

f
OQP i, f

OSR 2 TVU
f
O gWYX fZ\[ ]

iV i f ^ f
O d_a` 2

,K b 1c

PHYSICAL REVIEW A, VOLUME 64, 022706

1050-2947/2001/64d 2e /022706
f g

7h /$20.00
f

©2001TheAmericanPhysicalSociety64
i

022706-1



where+ j
i and� k

f
O are� the unperturbedradial functions and

gW (
l
f
Z

)
m

is the degreeof degeneracyof the final state.If the
momentumtransferis large, then the final continuumwave
function
n

will havemanyoscillationsin theregionof overlap,
and� the decaywidth will be small. In addition, the matrix
element) o 1p will+ be very sensitiveto small variationsof the
bound
G

statewave function. Thereforea potential sourceof
error) in perturbationtheory is an inadequaterepresentation
of� the boundstatewavefunction q 21

.0r
.

The other major sourceof error in perturbationtheory
comes� from neglectingindirect potential coupling s 20,21t .
As
�

statedin the introduction, the largestpartial widths are
typically
!

foundfor final statesfor which theamountof trans-
ferredmomentumis small.The direct bound-continuumpo-
tential
!

coupling elementsV i f that
!

allow low-momentum
transfer
!

, however, arisefrom high-ordertermsin a Legendre
expansion) of the anisotropyof the intermolecularpotential.
These
%

terms are very small for weak anisotropyvan der
W
2

aals moleculessuggestingthat the predissociationwidth
will+ be small unlessthereis a substantialcontributioncom-
ing from theindirect intermediatepotentialcouplings.In this
case,� theperturbativeexpressionu 1v provides� a poorapproxi-
mation3 to the predissociationwidth dueto its neglectof the
indirect coupling terms.It is possibleto constructmore so-
phisticated� perturbationtheoriessuchasthesecularequation
perturbation� theoryfor theopenchannelsw SEPT

I
OCx that

!
are

more3 accuratethantheSFDmethody 20
.6z

. At this stage,how-
ever) , the utility in usingperturbationtheory to gain a quali-
tative
!

understandingof the physics of predissociationbe-
comes� limited.

A
�

numericallyexactprocedurefor computingthe predis-
sociation lifetimes is to solvea setof coupledchannelequa-
tions
!

for energiesbelow threshold.The S
{

matrix is thendi-
agonalized� and the eigenphasesum is differentiatedwith
respectF to energy to obtain the resonancewidths. This ap-
proach� was taken | 13} in order to establishthe validity of
multichanneleffective rangeexpansionsfor weakly bound
complexes.� The inverseof thepredissociationlifetime of the
most3 weakly boundstateof the van der Waalscomplexwas
found to be well approximatedby ~ 13�

���
j
�� 1 � 1

2
.��

r��� j
��� a��� j

��� 2 1 � 2 ��� j
� r � j
��

a��� j
��� 2

� 1/2�
1 lim

*
T � 0
� R
� �

j
��¡ T¢�£ ,K¥¤

2¦
where+

R § j
��¨ T ©�ª6«¬� j�¯® R ° j

�²±´³¶µ
j
�¸·º¹ T »�¼ 4

½�¾�¿�ÀÂÁ
j
�Ã Ä 3Å�Æ

is the total quenchingrate coefficient, Ç�È j
� and� ÉÂÊ

j
� are� the

realF and imaginary parts of the scatteringlength a��Ë j
�¶ÌÎÍ�Ï

j
�Ð i

ÑÓÒÂÔ
j
� ,K and r Õ j

� is the effective rangefor the diatomic level
labeled
*

by vibrational quantum number Ö and� rotational
quantum× number j

Ø
. It is assumedin this analysisthat the

end-over) -endangularmomentumof thecomplexis zeroand
the
!

vibrationalstretchingquantumnumberis the largestpos-
sible integerthat allows the complexto be bound.The scat-

tering
!

length approximationmay be obtainedby settingthe
ef) fective rangeparameterr�¥Ù j

� equal) to zeroin Eq. Ú 2.�Û ,K yield-
ing
@

Ü�Ý
j
�Þ 1 ß 1

2
.�àVá�â

j
�3� lim

T ã 0
� R ä j

��å T æ . ç 4è
Typically, therealpartof thescatteringlengthis muchlarger
than
!

the imaginarypart. This allows é�ê j
� to
!

be obtaineddi-
rectly from the zero-energy elasticscatteringcrosssection

ëíì
j
�²î´ï

j
�¶ð 4 ñóò¸ô�õ j

�2ö\÷ùøÂú
j
�2öóû�ü 4 ýÂþ�ÿ j

�2ö . � 5���

Figure1 showszero-energy elasticscatteringcrosssections
for
n 4He

���
H
�

2
ö (l�� ,K jØ )

m
as a function of the initial vibrationaland

rotationalquantumnumbers � and� j
Ø
. The figure showsthat	�


j
� decreases
(

as j
Ø

is
@

increasedand the rate of decreaseis
greater1 as � is increased.Generally, thevariationof �� j

� with+
j
Ø

is slow enoughthat the predissociationlifetimes are con-
trolled
!

by the total quenchingratecoefficientsR � j
� (l T).

m
The multichanneleffective rangetheorydescribedabove

provides� a link betweenthedynamicsof quasiresonant� QR
���

scattering and the vibrational predissociationof weakly
bound
G

complexes.We haveshown � 14� that
!

the quenching
rateF coefficientsR

���
j
�������

j
��� (l T¢ )

m
arestronglyinfluencedby clas-

sical dynamicsin the T  0
!

limit. The generalrule followed
by
G

quasiresonantvibration-rotation" QR
�

VR# transitions
!

is

$
I % n& j

��'
j
�)( n&+*-,/.10 0,

! 2
6
3�4

where+ I 5 n& j
� jØ76 n&98): is theconservedactionandn& j

� and� n&+; are�
small integers.When the vibrational and rotational motion
are� in approximatelow-orderresonance,the condition

FIG. 1. Zero-energy elastic scattering cross sections for
4He< H2( = ,> j? )

@
as a function of the initial vibrationalandrotational

quantumnumbersA and j
?
.B
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n&+E /F n& j
�HGJILK /FNM j

� O 7P�Q

also� holds,where RLS and� T
j
� are� theclassicalvibrationaland

rotationalfrequenciesof the diatom.In this case,essentially
all� of the classicaltrajectorieswill obey the quasiresonant
rule U 63�V for a single(n&+W ,K n& j

� )m pair X 25Y . Theclassicalbehavior
will+ persistas T

¢[Z
0 i
!

f \^] and� _ j
Ø

are� allowed to take on
nonintegerC values̀ 14a . This is demonstratedin Figs.2 and3.
Figure
b

2 showsa scatterplot of cLd versus� e j
Ø

for
n

an initial
rotational level j

Ø9f
8
g

at a collision energy of 10h 5
i

atomic�

units.; The ratio of vibrational frequencyto rotational fre-
quency× is approximatelyequalto 4.5 for this case.Because
this
!

rotationallevel is unableto satisfycondition j 7Plk there
!

is
no correlationbetweenmLn and� o j

Ø
. When j

Ø9p
9,
q

however, the
ratioF of vibrational frequencyto rotational frequencyis ap-
proximately� equal to 4 and there is strong correlationbe-
tween
! rLs

and� t j
Ø
. This is shown in Fig. 3 along with the

straight line correspondingto u j
Ø7vxw

4y/z .
The
%

correlation between{L| and� } j
Ø

will+ persist in the
quantum-mechanical× calculationswhen there is enoughen-
er) gy thatthequasiresonantchannelis open.Theconservation
of� action thereforeprovidesa qualitative understandingof
the
!

mechanismunderlyingthe high-orderpotentialcoupling
that
!

governspredissociation.The momentumgap argument
is alsoexplainedby theclassicalanalysis.Equations~ 63�� and��
7
P��

yield�

�
E int �

�
H�7�L� �1��� H�

j
Ø�� j

Ø9�����^�-���1�����
j
��� j
Ø9�

0
! �

8
g��

which+ is the conditionthat the internalenergy of the diatom
is
@

approximatelyconstant,or equivalently, that the momen-
tum
!

gapis assmall aspossible.
QR
�

VR energy transferin atom-diatomcollisions at high
ener) gieshasbeendescribedasa seriesof collisionettes  25

.¢¡
.

Eachcollisionetteresemblesa separatecollision that occurs
when+ the rapidly rotating diatom is stretchedto its outer
turning
!

point andis nearlycollinearwith the atom.Because
the
!

moleculesarefully stretched,collisionettescanoccurfor
large impact parametersand produce large cross sections£
25¤ . In betweeneachcollisionette,however, the interaction

potential� decreasesby severalordersof magnitude.We have
shown ¥ 14¦ that

!
thecollisionettepictureneedsto bemodified

in the T § 0
!

limit. The distinct collisionettesarereplacedby
a� strongmodulationof the interactionpotentialat the char-
acteristic� frequencyof the quasiresonanttransition.Whereas
the
!

high-orderpotentialcouplingdescriptionis very compli-
cated� anddifficult to understand,themodulationof thetime-
dependent
(

potentialprovidesa simplified picture of the dy-
namics.C The interactionpotentialalternatesbetweenpositive
and� negativevaluesand often binds the atom and diatom
together
!

for severalsuccessivesubcollisions.Figure4 illus-
trates
!

such a long-time classicalcollision. The numberof
subcollisions dependson the choice of initial conditions.
Since
I

eachsubcollisionfollows the quasiresonantrule sepa-
rately, the entire collision processdoesnot dependon the
initial
@

conditionsandthereforeobeysthe quasiresonantrule.

III. RESULTS

Figures
b

5 and 6 show zero-temperaturequenchingrate
coefficients� asa function of initial vibrationalandrotational
quantum× numbers̈ and� j

Ø
. It wasshownpreviously © 14ª that

!
rotationaldistributionslike thoseshownin Figs.5 and6 had
classical� analogsthat were a direct result of the correlation
between
G «^¬

and�  j
Ø

described
(

above.A major difference,
however
®

, betweenthe classical and quantum calculations
arises� at ultracold temperaturesbecauseit is not possibleto

FIG. 2. A scatterplot of ¯ j
°

versus±[² for ³ i
´¶µ 2, j

°
i
´¶· 8
¸

, andE¹ 10º 5
»

atomic¼ units. The frequencyratio for this caseis ½�¾ /fÀ¿ j
ÁÂ 4.5 andthereis no correlationbetweenÃ j

°
and¼ Ä[Å .

FIG.
Æ

3. A scatterplot of Ç j
°

versusÈ[É for
ÊÌË

i
´¶Í 2,
Î

j
°

i
´ÐÏ 9 and E

Ñ
Ò 10Ó 5

»
atomic¼ units. The frequencyratio for this caseis Ô�Õ /fÀÖ j

Á× 4 andthereis strongcorrelationbetweenØ j
°

and Ù[Ú .
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have
®

fractional changesin Ý and� j
Ø
. Thereforemany of the

quasiresonant× channelsareclosed.Furthermore,whenquan-
tum
!

transitionsare energetically barely allowed, they are
subject to thresholdbehavior. The thresholdstructurein the
rateF coefficientswill have a strong effect on the lifetimes.
Using
Þ

the resultsof Figs.5 and6, we computedpredissocia-
tion
!

lifetimes for severalvibrationallevelsasa functionof j
Ø
.

The
%

resultsfor ß1à 0
!

and á1â 2
.

areshownin Fig. 7. For each
of� thecalculations,thescatteringlengthapproximationgiven
by
G

Eq. ã 4ä was+ usedto computethe lifetimes.The effect of
quasiresonant× dynamicscanbe seenwhen7 å j

Ø9æ
12 and20ç

j
Ø7è

25. When j
Ø9é

12 there is a sharpdecreasein both theê1ë 0
!

and ì�í 2 lifetimes.This is dueto strongquasiresonant

î�ï�ð
1, ñ j

Ø9òxó
4 transitions ô see Fig. 5õ . The ö�÷ 2 curve

shows a similar structurewhen j
Ø9ø

7
P

which is due to theù�ú�ûxü
1, ý j

Ø7þ
4
½

quasiresonanttransition.This symmetryis
missingin the ÿ�� 0

!
curvesince

�������
1 transitionsarenot

allowed.� The ��	 2
.

curve showsa secondsymmetricstruc-
ture
!

centeredabout j
Ø�


22.
.

This structureis due to the qua-
siresonant ������ 1, � j

Ø��
2 and ����� 1, � j

Ø����
2 transitions

that
!

areenergetically allowedwhen j
Ø��

21
.

and j
Ø��

23
.

but are
forbidden when j

Ø��
22. The �� 0

!
curve showsa sharpde-

crease� when j
Ø�!

24
.

due to the opening of the "�#�$ 1, % j
Ø&�' 2

.
quasiresonantchannel.As before, the (�) 0

!
curve is

asymmetric� due to inaccessible*�+�,�- 1 transitions.The
predissociation� lifetimes for othervibrationallevelsarevery
similar to the onesshown for .�/ 2. Generally, the largest

FIG.
Æ

4. A plot of the interaction potential versus time. The
modulationoccursat the characteristicfrequencyof the quasireso-
nant transition.Sevensubcollisionsare containedwithin the total
collision for this plot. Becauseeachsubcollisionseparatelyobeys
the quasiresonantrule, the total collision preservesthe correlation
between0 j

°
and¼ 132 .

FIG.
Æ

5. Quantum-mechanicalcalculations of the zero-
temperatureratecoefficientsfor 4He

465
H2
7 ( 8 , j

°
) as a function of the

initial vibrationalandrotationalquantumnumbers9 and j
°
.B

FIG. 6. Quantum-mechanicalcalculations of the zero-
temperatureratecoefficientsfor 4

:
He; H2( < , j

°
) as a function of the

initial vibrationalandrotationalquantumnumbers= and j
°
.B

FIG. 7. Quantum-mechanicalcalculationsof thepredissociation
lifetimes for 4He > H

4
2
7 (?A@ ,> j° )

B
as a function of the initial rotational

quantumnumberj
°
.B
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lifetimes occur for quasiresonantchannelsthat areenergeti-
cally� closed.

In
7

the vicinity of a threshold,the classicalmechanicsno
longer
*

appliesandit is desirableto find a simpledescription
that
!

is fully quantum mechanical.Becauseperturbation
theory
!

failed for bound-freetransitions,we expectthe same
to
!

be true for free-freetransitions.Nevertheless,the sudden
decrease
(

in the zero-temperaturequenchingrate coefficient
at� valuesof j

Ø
nearC thresholdsD e.g.,) the sharp E�F 3

Å
feature

shown in Fig. 5G may3 beunderstoodqualitativelyby consid-
ering) the Born approximationfor the inelasticK-matrix ele-
ment,

K i f H�I 2 JK 2
öML k

N
ik
N

f
O

0
� O j
Ø

l
P
i
QSR kN ir T V U r V j

Ø
l
P

f
WYX kN f
O r Z r2

ö
dr
_

,K [ 9q]\

where+ k
N

i and� k
N

f
O are� the respectivewavenumbersand l

^
i and�

l
^

f
O are� the respectiveorbital angularmomentain the initial

and� final channels.For a short-rangepotential,the spherical
Besselfunctionsin theintegrandof Eq. _ 9q]` maybeexpanded
in a power series.The K-matrix elementthen behavesas
O
a

(
l
k
N

i
l
P
i
Qcb 1/2k

N
f
O lP fWed 1/2)

m
with l

^
i f 0
!

for ultracold collisions. The
zero-temperatureratecoefficientsare independentof k

N
i and�

the
!

discussionof thresholdbehavior is given in terms of
k
N

f
O . For l

^
f
Ohg 2 and l

^
f
Ohi 4, the respectiveK-matrix elements

vanish� ask
N

f
O5/2
i

and� k
N

f
O9/2
j

for small k
N

f
O . The inelasticscattering

cross� sectionsthereforevanishask
N

f
O5i and� k

N
f
O9j for
n

smallk
N

f
O ,K and

we+ seesharpdecreasesin the zero-temperaturerate coeffi-
cients� nearthe thresholdsfor forbiddentransitions.

The exact k
N

f
O dependence
(

of the crosssectionsmay be
modified for systemsthat possessa significant long-range
potential.� For a van der Waals potential of the form V(

l
r� )mk C/

F
r6
l
,K the integral m 9q]n may be performedanalytically. The

resultF is

K i f o�p
q Cr 2

2
. l
P
i
Qts l
P

f
Weu 1l

^
i! l
^

f
O !v

2l
^

i w 1 x ! y 2l
^

f
Ohz 1 { !

|
l
^

i } l
^

f
Oh~ 4

½��
!�

i
ÑY�

k
N

i � k
N

f
OY�Y� l
P
i
Qc� l
P

f
We� 3
�

�
k
N

i
l
P
i
Qt� 1/2k

N
f
O lP fWe� 1/2F2 l

^
i � l
^

f
O�� 3;

Å
l
^

i � 1,l
^

f
Oh� 1;2l

^
i

�
2,2
.

l
^

f
O�� 2;

. 2
.

k
N

i

k
N

i � k
N

f
O ,K 2

.
k
N

f
O

k
N

i � k
N

f
O ,K � 10�

where+ F
�

2
ö is
@

thegeneralizedhypergeometricfunctiondefined
by
G

Appell � 26
.��

. The right-hand side of Eq. � 10� diver
(

ges
when+ l

^
i � l
^

f
O�� 3

Å
due to the singularityof the potentialat the

origin.� When the full potential is taken into account,this
unphysical; singularity is removedandthe K-matrix element
is unchangedfrom the O

a
(
l
k
N

i
l
P
i
Qt� 1/2k

N
f
O lP fWe� 1/2)

m
behaviorthat is due

to
!

theshort-rangepartof thepotential.Theright-handsideof
Eq. � 10  is well behavedwhen l

^
i ¡ l
^

f
Oh¢ 3

Å
and provides a

modification3 of the K
£

-matrix elementwhen k
N

f
O is
@

small. For
the
!

interestingquasiresonantcasel
^

i ¤ 0,
!

l
^

f
Oh¥ 4,

½
and k

N
i ¦ k
N

f
O ,K

Eq.
§ ¨

10© reducesF to

K i f ª
« C¬ 2
ö 2
.

i
Ñ

9!!
q 2F1  1,5;10;2 ® kN i

1/2k
N

f
O7/2
¯�°

1 ± O
a³²

k
N

i /
F
k
N

f
Oe´Yµ . ¶

11·
Equation ¸ 11¹ shows that the K-matrix elementvanishesas
k
N

f
O7/2
¯

for small k
N

f
O»º note that the hypergeometric function

2F1(
l
1,5;10;2) is pureimaginaryso the K-matrix elementis

real¼ . Theinelasticscatteringcrosssectionthereforevanishes
as� k
N

f
O7¯ for small k

N
f
O ,K and we seethat the effect of the long-

rangeinteractionis to removetwo powersof k
N

f
O from the

threshold
!

behaviorproducedby the short-rangepart of the
potential.� Equation½ 11¾ agrees� with theresultof Nesbet¿ 27

.�À
when+ ÁMÂ 1 for electron scattering. For ultracold atom-
diatom
(

collisions, ÃÅÄ k
N

f
O2ö /2(
FÇÆ

i È�É f
O )m�Ê O

a
(
l
k
N

i
2
ö
)
m
, where Ë i and� Ì

f
O

are� the respectivediatomic energies in the initial and final
channels.� Thereforethe zero-temperaturerate coefficient is
given1 by

lim
T Í 0
� R Î j

�ÐÏÒÑÔÓ
j
�ÖÕØ× T Ù�Ú k

N
i Û3Ü j
�ÐÝßÞ�à

j
�Öáâ ã O

a³ä
k
N

f
O9jæå . ç 12è

The
%

actual momentum dependence of the zero-
temperature
!

rate coefficient near thresholdwill dependon
the
!

anisotropyof the potentialenergy surface.If the anisot-
ropy is weak,thenthe coefficientC in Eq. é 11ê will+ be very
small or could even be zero. In order to determinethe
k
N

f
O -momentumdependenceof the ë j

Ø�ì�í
4î�ï rate coeffi-

cients� for He-H2
ö ,K we studied the ð�ñ 1, j

Ø�ò
7
P

and ó�ô 3,
Å

j
Ø�õ

7
P

thresholdregionsby smoothlyvarying the massof the
heliumatom.This is equivalentto varyingk

N
f
O2ö in thelimit that

k
N

i ö 0.
!

The resultsaregiven in Figs. 8 and9. For the initial÷�ø 1, j
Ø�ù

7
P

statewe find that the zero-temperatureratecoef-
ficients
:

behavelike k
N

f
O9j for
n

small k
N

f
O . The good agreement

between
G

this fit and the exactcurve when k
N

f
O is
@

lessthan 2
Å ú 1 indicatesthat the long-rangepart of the potentialhasa
strong influenceon the thresholdbehavior. For the initial ûü 3,
Å

j
Ø�ý

7
P

state,we find that the zero-temperatureratecoef-
ficientsalsobehavelike k

N
f
O9j for small k

N
f
O ,K but that it is neces-

sary to includean additionalO
a

(
l
k
N

f
O11)
m

term in order to obtain
good1 agreementwith theexactcurve.Thereforewe conclude
that
!

the long-rangepartof thepotentialhasa weakinfluence
on� the thresholdbehaviorfor this case.

Figures
b

8 and 9 also show that a sharpspike appearsin
the
!

ratecoefficientswhenthe reducedmassþ sweeps below
1.2 amu. This spike occurswhen the most weakly bound
state of the van der Waalscomplexapproacheszeroenergy.
These
%

so-calledzero-energy resonanceshavea stronginflu-
ence) on both the elastic and inelastic scatteringcrosssec-
tions.
!

Using the asymptoticanalysisdevelopedpreviouslyÿ
13� we+ may showthat the function

f
Z��

j
�������
	 �� j

�
���

j
�2 � 13�
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is
@

analytic in the vicinity of the zero-energy resonance.This
was+ confirmed by numerical tests which showedthat ��� j

�� (
l������

0
� )m
� 1 and� ��

j
�� (
l�!�"�#

0
� )m
$ 2

ö
for
n %

nearC &
0
�' 1.16amu.

An
�

interestingobservationmaybemadefrom Figs.8 and
9
q

regardingthe nearly linear behavior ( on� the logarithmic
scale ) of� the total quenchingratecoefficienton the left side
of� the zero-energy resonance.On the left side of the reso-
nance,C the total quenchingrate coefficient is dominatedby
the
!+*

j
Ø�,.-

2, /1032 0
!

transition.Theenergy gapfor this tran-
sition producesa k

N
f
O value� that is much larger than those

shown on the horizontal axis of the figure 4 the
!

k
N

f
O values�

shown on the figure are for the 5 j
Ø�6.7

48�9 ener) gy gap: .
Figures
b

8 and9 showthat whenthe quasiresonanttransition
is
@

on the thresholdof closing, the dominantquenchingrate
coefficient� tendsto follow an exponentialdependencewith
the
!

momentumgap.Becausethe total quenchingratecoeffi-
cient� at zerotemperatureis inverselyrelatedto thepredisso-
ciation� lifetime of themostweaklyboundstate; see Eq. < 2.>=@? ,K
this
!

analysiswould predictanexponentialdependenceon the
momentumgap for predissociation.This is in agreement
with+ the well-known ‘‘exponential momentum gap law’’
which+ maybederivedusingEq. A 1B and� is a consequenceof
the
!

Franck-Condonoverlap betweenthe vibrational wave
function of the bound complex and the continuum wave
function
n

of the fragmentsC 18,19D . The exponentialgap law
assumes� that the transition is the result of a direct process.
On
E

theright sideof thezero-energy resonance,however, it is

the
!

quasiresonantF j
ØHG.I

4J�K transition
!

that is dominant.
The
%

predissociationlifetimes may be obtainedfrom these
rateF coefficientsusing Eq. L 2.>M as� above.In this case,how-
ever) , the predissociationlifetimes do not exhibit exponential
dependence
(

on the momentumgap becauseof the impor-
tance
!

of the indirect contributions.

IV. CONCLUSION

It
7

hasbeenknown for sometime N 17–21O that
!

a balance
exists) betweenmomentumgap and near-resonanteffects in
the
!

vibrational predissociationof weakly boundcomplexes.
It hasalsobeenshownthathigh-orderindirectpotentialcou-
plings� must be influencing the predissociationP 21

.RQ
. In the

present� work, we consideredthe specialcasewherethe van
der
(

Waalsmoleculeis comprisedof a vibratingdiatomthatis
also� in a stateof high rotation.For this case,we showedthat
the
!

processof predissociationfor the most weakly bound
state of a van der Waalscomplexis controlledby the same
quasiresonant× transferof energy that is foundin atom-diatom
collisions� wheneverthe quasiresonantchannelis energeti-
cally� open.The conservationof classicalactionprovidesan
understanding; of the mechanismunderlying the high-order
potential� coupling.This is consistentwith the view S 28T that

!
underlying; the quantum-mechanicalatom-moleculescatter-
ing
@

is ‘‘a coarsergraining rootedin the classicalmechanics
of� the collision.’’ The lifetimes are also strongly influenced
by
G

the proximity of closedchannelthresholds.We studied
the
!

analytic structureof the thresholdbehavior and made

FIG.
Æ

8. Quantum-mechanical calculation of the zero-
temperaturerate coefficient for initial UWV 1, j

°YX
7 making a Z j

°Y[
\ 4]_^ transition ` solid� curvea . The total quenchingratecoefficientb
dottedcurvec decaysexponentiallywith increasingk

d
f
e on the left

sideof thezero-energy resonance.The f j
°Yg�h

4
ikj_l

transitionis the
dominanttransitionwhenk

d
f
e is greaterthanthepositionof thereso-

nanceandthe m j
°Yn�o

2, p_qWr 0
D

transitionis thedominanttransition
whenk f

e is smallerthanthepositionof theresonance.Also shownis
a fit s dashed

t
curveu which is proportionalto k f

e9v in agreementwith
Eq. w 11x .B

FIG. 9. Quantum-mechanical calculation of the zero-
temperaturerate coefficient for initial yWz 3,

{
j
°Y|

7 making a } j
°

~�� 4�_� transition � solid� curve� .B The total quenchingrate coeffi-
cient � dottedcurve� decays

t
exponentiallywith increasingk f

e on the
left sideof thezero-energy resonancewhere� j

°Y���
2,
Î��_�W�

0 tran-
sitionsaredominant.Also shownarefit 1 � dashedcurve� andfit 2�
long dashedcurve� which� are proportional to k

d
f
e9v . An additional

term proportionalto k f
e11 hasbeenincludedin fit 2.
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predictions� thatmaybeexperimentallytestedwith theuseof
trapped
!

molecules.Sincethe effective rangetheorythat was
used; to relatethecollisional ratecoefficientsto thepredisso-
ciation� lifetimes appliesonly to weakly boundstates,it will
be
G

interestingto seewhetherquasiresonantbehavioris also
found in the moredeeplyboundstatesof the van der Waals
complex.� We leavethis asa subjectfor future investigation.
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