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Vibrational
�

relaxationof trappedmoleculesdueto collisionswith cold atomsis investigatedusingtheresults
of� quantum-mechanicalscatteringcalculations.Trap loss is analyzedusingan exactlysolvablekinetic model
that
�

includesdirect collisional quenchingandan indirect processof vibrationalpredissociation.At low atom
density,
�

the relaxationis dueprimarily to collisionalquenching.At high atomdensity,the relaxationinvolves
additional	 time scalesdueto the formationanddecayof van der Waalscomplexes.It is shownthat the most
weakly
 boundstateof thevanderWaalscomplexfor a givendiatomicvibrationallevel controlstherelaxation
at	 all atomdensities.Possibleexperimentsusingtrappedmoleculesarediscussed.� S1050-2947� 99 05303-2
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I. INTRODUCTION

Experimentalefforts to trap molecules� 1–5� havemoti-
vated� recentinvestigationsof collisionalquenching� 6,7

���
and�

vibrational� predissociation � 8,9
�� 

of! diatomic systems.
Trapped
"

moleculesprovidea uniqueopportunityto studythe
threshold
#

behavior of collisions betweenatoms and mol-
ecules$ % 6�'& . Measurementof Feshbachresonancesin scatter-
ing
(

crosssectionswould give valuableinformationaboutthe
atom-molecule� potentialenergysurface) 9*'+ .

Predissociationmay play an important role in the relax-
ation� of vibrationally excitedmoleculeswhenthe densityof
surrounding, atomsis high andthetime scalefor establishing
equilibrium$ of vanderWaalsmoleculesis shortcomparedto
other! relaxationprocesses- 10. . Therefore,it maybepossible
to
#

use the relaxationof vibrationally excited trappedmol-
ecules$ asa meansfor obtainingthe Feshbachresonancepa-
rameters./ In the presentwork, we investigatethis possibility
for trappeddiatomicmoleculesby including predissociation
in the kinetic theory of vibrational relaxation.Using calcu-
lated
0

quenchingratesandpredissociationlifetimes for a re-
alistic� system,we makeestimatesof the relaxationtime for
vibrationally� excitedtrappedmoleculesasa functionof atom
density.
1

The role of the mostweakly boundstateof the van
der
1

Waalscomplexis investigatedfor both the low andhigh
density
1

limits. It is shownthat a single measurementof vi-
brational
2

relaxationof trappedmoleculesperformedat high
atom� densitywould uniquely determinethe binding energy
and� predissociationlifetime of the van der Waalscomplex,
the
#

collisional rate of formation of the complex, and the
zero-temperaturequenchingrateof the exciteddiatom.

The paperis organizedas follows. In Sec.II we present
the
#

kinetic modelfor trappedmolecules.SectionIII reviews
the
#

exact close-couplingformulation for computing cross
sections, andlifetimes.In Sec.IV, we useperturbationtheory
to
#

analyzethe relationshipbetweenthe binding energyof a
weakly3 bound complex and its predissociationdecayrate.
Effective
4

rangetheoryis usedin Sec.V to provideestimates
of! predissociationlifetimes for the most weakly boundlev-
els.$ SectionVI discussesthe detailedbalancebetweenthe
collisional5 rate of van der Waals formation and decay.In
Sec.
6

VII we give somenumericalresultsfor thetwo isotopes

of! helium interactingwith vibrationally excitedH2 . Atomic
units7 areassumedthroughoutthe paper.

II. KINETIC MODEL

Relaxationof vibrationallyexcitedtrappeddiatomicmol-
ecules$ may occur through the direct collisional quenching
process8

A
9;:

BC
<

* = A
9;>

BC
<

,? @ 1A
where3 A is a trappedatom,BC* is the initial exciteddiatom
with3 vibrational quantumnumber B and� rotationalquantum
numberC j

D
,? and BC

<
is
(

any final statediatom with quantum
numbersEGF and� j

DIH
different
1

from J and� j
D
. The internal en-

ergy$ of the initially exciteddiatom is transferredto transla-
tional
#

energywith rate coefficientR K j
L . The vibrational en-

ergy$ spacingof the diatomis typically muchlargerthanthe
depths
1

of experimental traps and we may assumethat
quenchedM moleculesareimmediatelyremovedfrom thetrap.
A two-stepmechanismmayalsoremovemoleculesfrom the
trap.
#

In the first step,the moleculesform a van der Waals
complex5 A BC* ,?

A N BC* O A
9;P

A
9

BC
<

* Q A
9

,? R 2S'T

through
#

collision with atomsA
9

. If the binding energyof the
complex5 is lessthan the trap depth,then the van der Waals
moleculemayremainwithin thetrap.Thecomplexmaythen
decay
1

aftera finite lifetime UWV j
L through
#

theprocessof vibra-
tional
#

predissociation,

A
9

BC
<

* X A
9;Y

BC
<

. Z 3['\

In the absenceof radiative transitions,the collisional loss
may] be describedby the kinetic equations

d
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d
^
dt
^`� A BC* � tbd�f���W� j
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k
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py�
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where3 � BC
<

* � t
b and�   A9 BC

<
* ¡ t
b are� the respectivedensities

of! BC
<

* and� A BC* at� time t¢ after� an initial sourceof
BC* hasbeenturnedoff. The densityof cold atoms £ A¤ is
assumed� to beconstant.Theratecoefficientsfor the forward
and� backwardreaction ¥ 2¦ are� given by k

k
f
l and� k

k
b
w ,? respec-

tively.
#

Equations§ 4̈ and� © 5�'ª may be combinedinto a single
second-order, differential equation,
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If the time scale for establishingequilibrium of van der
Waals
u

moleculesis short comparedto other relaxationpro-
cesses,5 thenwe mayassumea steady-statesolutionto Eq. v 5�#w
during
1

the time that the trappedmoleculesare being pro-
duced.
1

The initial conditionneededby Eqs. x 12y and� z 13{ is
then
#

given by

|
A BC* } 0

è~
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and� assumethat ³�´ 1, then the relaxationpath is controlled
by
2

the value of µ . For ¶¸· 1 or ¹£ º 1, the time scalesare
given» by ¼

1 ½�¾ 1 ¿�À£Á 1 Â(Ã(Ä R·�Å j
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k
f
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with3 cê 1 ß 1 àâá£ã and� cê 2 ä�åçæ . For è£é 1, the assumptionêë
1 breaksdownandtheformulas ì 8��í – î 13ï must] beused.In

the
#

low densitylimit, ð£ñ 1 and the relaxationis controlled
by
2

thequenchingtime scaleò 1 ó R ô j
L�õ A ö . In thehigh density

limit,
0 ÷£ø

1 andthe relaxationis controlledby the predisso-
ciation5 time scaleù 2

p	ú�ûdü
j
Lý 1 .

The abovediscussionmay be generalizedto includevan
der
1

Waals interactionsthat support more than one bound
state., For example,if we considera two-levelsystemlabeled
A
9

BC
<

1* and� A
9

BC
<

2* ,? thenthekinetic equationsþ 4��ÿ and��
5
���

mustbe replacedby
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resultingin a third-orderdifferential equation.In Eqs. T 19U –V
21
S>W

we3 haveassumedthat inelasticatom-complexcollisions
are� negligible.Thesolutionto Eqs. X 19Y – Z 21

S>[
may] bewritten\
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in the high densitylimit. The abovediscussionis similar to
the
#

usualmasterequationanalysiswherethe time scalesare
determined
1

by theeigenvaluesof a ratematrix. In thepresent
case,5 however,we seethat at high densitiesthe important
time
#

scalesare relateddirectly to the predissociationlife-
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times
#

and the relaxation time is given by the quasibound
level with the longestlifetime.

III. CLOSE-COUPLING EQUATIONS

The kinetic modeldescribedabovedependson input pa-
rameters/ that may be computedusing an exact quantum-
mechanicalclose-couplingformulation. Therefore,we pro-
vide� a brief review of the close-couplingprocedureusedin
the
#

present work. The atom-diatom Hamiltonian in the
center-of-mass5 frameis given by

H ��� 1

2m��� r�2p�� 1

2 � � R
�2p¡ £¢¥¤ r ¦�§ V I

¨ª© r,? R,?¬«® ,? ¯ 26°
where3 r± is

(
thedistancebetweenatomsB

<
and� C of! thediatom,

R is the distancebetweenatomA and� the centerof massof
the
#

diatom, ² is
(

theanglebetweenr± and� R
·

,? m� is
(

the reduced
massof the diatom,and ³ is the reducedmassof the atom
with3 respectto the diatom.The diatomicSchrödinger

1
equa-

tion
#

1

2m�
d
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is
(

solved by expanding the rovibrational wave functionÈkÉ
j
L (Ê r)
Ë

in a Sturmianbasisset. The full wave function is
expanded$ in a setof channelfunctions Ì nÍ¥Î (

Ê4Ï
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where3 l

�
is
(

the orbital angularmomentumof the atom with
respectto thediatom,J

�
is the total angularmomentum,M is

the
#

projection of J
�

onto! the space-fixed z� axis,� and
(
Ê
j l
D

J � m� j
L ,? Mö��

m� l
ù )Ë denotesa Clebsch-Gordoncoefficient.Op-

erating$ the Hamiltonian � 26	 on! the channelfunctions 
 28�
leadsto a setof coupledequations
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where3 Emï is the translationalenergyand l
�

mï is the orbital
angular� momentumin the m� th

#
channel.The close-coupling

equations$ + 30
[-,

are� solvedusingthe generalinelasticscatter-
ing programMOLSCAT . 11/ . The crosssectionsandrateco-
efficients$ aregiven by 0 121
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[*¨
where3 T

�
is
(

thetemperatureandk
k

B
� is
(

theBoltzmannconstant.
The total quenchingrate coefficientsR © j

L neededin the ki-
neticC modelof Sec.II aregiven by

R ª j
L¬« T T®°¯±�² j

L:³ R ´ j
L}µh¶"·

j
L:¸&¹ T º . » 33

[*¼
To
"

obtain the predissociationlifetimes, the close-coupling
equations$ aresolvedfor energiesbelow threshold,the S

q
ma-]

trix
#

is diagonalized,andtheeigenphasesumis differentiated
with3 respectto energyto obtainnumericallyexactresonance
widths.3 The predissociationlifetime is then given by ½A¾ j

L
,nÚ¿ 1/ÀÂÁ j

L
,nÚ ,? wherenÍ is

(
thequantumnumberof theboundstate

of! the van der Waalscomplex.

IV. PERTURBATION THEORY

Because
Ã

thekinetic modelpresentedaboveshowsthat the
relaxation rate dependsmost strongly on the quasibound
level with the longestpredissociationlifetime, it is useful to
examine$ therelationshipbetweendecayrateandbindingen-
ergy$ for a weaklyboundcomplex.We assumethat thebind-
ing
(

energy I
Ä

of! the van der Waals complex A
9

BC
<

* is
small,, but well defined,i.e., Å i Æ I. The predissociationrate
may thenbe calculatedusingperturbationtheory.The wave
functions
Ç

in zero-orderapproximationare calculatedby ne-
glecting» nondiagonalmatrix elementsV i f ,? and the decay
process8 is calculatedusingthe standardrule

È
i É�Ê

f
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where3 á
i, f
l0

Ö
(
Ê
R
·

)
Ë�â

R
·äã

i, f
l0

Ö
(
Ê
R
·

)
Ë

are the unperturbedradial func-
tions
#

andgÑ (
Ê
f
Ó

)
Ë

is the degreeof degeneracyof the final state.
For a sphericallysymmetricinitial stateJ

�Lå
0,
ß

l
�Aæ

0,
ß

and j
Dç 0,

ß
the degeneracyof the final statesis given by gÑ (

Ê
f
Ó

)
Ëè (2

Ê
l
��éëê

1). If themomentumtransferis large,thenthefinal
continuum5 wavefunction will havemanyoscillationsin the
region/ of overlap,andthe decaywidth will be small.There-
fore, the largestpartialwidthsaregenerallyfound for values
of! l

��ì
that
#

minimize the amountof transferredmomentumí
13î .
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We
u

now derive an asymptoticformula for the predisso-
ciation5 decayrate ð 34

[*ñ
. Theinitial boundstatewavefunctionò
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0
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Ë

may be calculatedfrom the equation
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where3 � 2
p�

2mI� . The binding energyI is an arbitrarysmall
value� satisfying the condition of a weakly bound state: I
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2
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#
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where3 N
@

(
�
I
�
)
�

is a normalizationcoefficient.The leadingterm
of! the internal solution ZK[ (
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Schrödinger
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The
"

internalpart of solution �K� (
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dependson the binding
energy$ via thenormalizationfactorN
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, which maybecal-

culated5 asfollows:
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Accurateevaluationof the rateof predissociationmay be
done
1

numericallywith the exact radial wave functionsand
nonadiabaticmatrix elementsV i f(

�
R)
�

using Eq. Ç 34
[
È

. Since
the
#

matrix elementsV i f(
�
R
·

)
�

decreaseat largedistancesfaster
than
#

all other functionsin Eq. É 34
[YÊ

,? the effective integration
area� is restrictedto distancesR

·%Ë
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µ . Therefore,the predis-

sociation, rate is given asymptoticallyby
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Since
6

all terms of the sum in Eq. ß 43à are� independentof
binding
2

energy,the decaywidth variesasI
� 1/2 for

Ç
small I

�
. In

the
#

Appendix, we demonstratethe validity of the general
asymptotic� formula á 43â for the specialcaseof the Morse
potential.8

V. EFFECTIVE RANGE THEORY

In Sec.IV, we showedthat predissociationlifetimes in-
crease5 with decreasingbinding energy of the complex.
Therefore,
"

the lifetime of the most weakly boundcomplex
will3 control the relaxationfor high atomdensities.This life-
time
#

may be estimatedusingthe effectiverangeformula ã 9*�ä
å4æ

j
Lç 1 è 2 éëê j

Lì r±4í j
Lïî aðòñ j

Lïó 2 1 ô 2 õFö j
L r ÷ j
Lø

aðúù j
Lïû 2

ü 1/2ý
1 ,? þ 44

�
ÿ
where3 að�� j

L������
j
L�� i
	�
�

j
L is
(

the complexscatteringlength and
r � j
L is the effectiverange.We follow the notationalconven-

tion
#

that the label n� will3 besuppressedwhenreferringto the
most] weakly boundlevel of the van der Waalscomplex.It
has
�

beenshown � 8,9
���

that
#

theimaginarypartof thescattering
length is given by

��
j
L����

4
�� lim

0
T � 0
� R·�� j

L�� T "! . # 45
�%$

Recalling the kinetic model of Sec. II, we concludethat
when3 the density of atomsin the trap is large, the system
relaxes/ primarily throughthe processof vibrational predis-
sociation., This relaxationprocessis independentof tempera-
ture.
#

However,usingEqs. & 44' and� ( 45) we3 seethat a mea-
surement, of the vibrational relaxation performed at high
temperature
#

andhigh densitywould yield informationabout
the
#

total collisional quenchingratealsoat zerotemperature.
This pieceof informationis extremelyvaluablein determin-
ing
(

whethera trappedmolecularspeciescould be efficiently
cooled5 to ultracoldtemperatures.

If the effective rangeis small, the scatteringlength ap-
proximation8 may be usedto obtain

lim
0
T * 0
�

+-,
j
L. 1

R
·�/

j
L-0 T "132

1

2
S465�7

j
L38:9

;
2 < I = 3/2

8
2
S> . ? 46

�%@

The
"

relationshipbetweenratecoefficientandpredissociation
lifetime
0

given in Eq. A 46
�%B

may] be understoodfrom a simple
physical8 picture.The typical spreadL of! the wave function
for
Ç

a weakly boundstatedependson the binding energy:L
C

D 1/E 2 F I. The effectivedensityof atomsin the activearea
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is
(

estimatedas G A9IHKJ 1/L
C 3
8
. Thedecayrateof predissociation

may] thenbecalculatedas L-M j
LN 1 O lim

0
T P 0
� R
·�Q

j
L (� T )

�SR
A
9IT

in
(

accor-
dance
1

with Eq. U 46V .
VI.
W

COMPLEX FORMATION AND DECAY

In order to completeour analysisof the kinetic model
presented8 in Sec.II, we needto determinethe forward and
backward
2

rate coefficientsk
k

f
l and� k

k
b
w . In general,thesepa-

rametersareextremelydifficult to compute,andarebeyond
the
#

scopeof this work. However,we may usedetailedbal-
ance� to removethe backwardrate coefficient k

k
b
w from the

analysis.� At low temperatures,theforwardratecoefficientk
k

f
l

is
(

independentof temperaturedueto Wigner’s thresholdlaw
for inelastic collisions. Therefore,in the following discus-
sion,, we ignore the temperaturedependenceof k

k
f
l . If we

restrict the complexformation and decayprocessX 2Y to
#

in-
clude5 only sZ waves,3 then

k
k

b
w\[ T ]_^ k

k
f
l_` A a exp$cb-d I/

)
k
k

BT e . f 47g
The
"

temperaturedependenceof the relaxationparameterh
defined
1

in Eq. i 16j is thengiven by

kml T onp
A
9Iq�r R

·�s
j
L-t T "uSv k

k
f
lxw A9Iyz�{

j
L| 1 } k

k
f
l_~ A � 2 exp$c��� I/

)
k
k

B
� T � . � 48

�%�

When
u

I
�S�

k
k

B
� T
 

,?
�m� T �S� �-� j

L R � j
L-� T �_� A � ,? � A �\� 0,

ß
exp$c� I/

)
k
k

BT � ,? � A �\��� .

�
49�

When
u

I � k
k

BT
 

,?
�3  T "¡S¢ 2 £¥¤�¦ j

L3§©¨ A ª ,? « A ¬\ 0,
ß

®�¯
j
L kk f
l_° A ± 2

p
,? ² A ³\´�µ .

¶
50
�%·

At
¸

low temperatures,the predissociationrelaxationpath is
important when the density satisfies the condition ¹ A º»

(
�\¼-½

j
L kk f
l )�S¾ 1/2. In the zero-temperaturelimit, the backward

rate/ coefficientk
k

b
w approaches� zeroexponentiallyfastandthe

predissociation8 relaxationpathbecomesnegligible.

VII. RESULTS

The
"

kinetic modelis testedfor thetwo isotopesof helium
interactingwith vibrationallyexcitedH2

p . Theparametersare
obtained! from full quantum-mechanicalcalculationson a re-
liable potentialenergysurface:the HeH2 interactionpoten-
tial
#

of Muchnick and Russek ¿ 14À and� the H2
p potential8 of

Schwenke
6 Á

15Â . We find that the weakly bound He H2
p

complex5 supportsoneboundstatefor eachof its associated
diatomic
1

vibrational levels.Figure 1 showsthe channelpo-
tential
#

and the boundstatewave functions for the ÃÅÄ 0,
ß

j
D

Æ 0
ß

complexof 3
§
He H2 and� 4

Ç
He H2 . Both wavefunc-

tions
#

arevery diffuse,extendingto distancesof 100 Å and
beyond.
2

The binding energyof the 3
§
He H2 complex5 is

0.0016
ß

cmÈ 1 whereas3 for 4He
É

H
É

2
p it
(

is 0.0298 cmÊ 1.
This
"

differencein bindingenergyis responsiblefor the large
difference
1

in theelasticscatteringcrosssectionsfor 3
§
He and

4
Ç
He collisions with H2 shown, in Fig. 2. The inelasticscat-

tering
#

crosssectionsfor 3
§
He and 4He collisionswith H2

p are�
shown, in Fig. 3. The differencebetweenthe two crosssec-
tions
#

in Fig. 3 is due to the differencesin the two binding
energies$ of the He H

É
2
p complexes5 for ËÅÌ 1.

Figure4 showsthe relaxationof Í H2(
��ÎÅÏ

1, j
D�Ð

0)
ßÒÑ

tb due
1

to
#

interactionwith 4He
É

atomsat a temperatureof 10mK. For
the
#

calculation, we used the predissociationlifetime and
binding
2

energygiven by Forrey etÓ al. Ô 9*\Õ of! 0.069secand
0.0282
ß

cmÖ 1,? respectively.We assumed×3Ø 6.9
�

which is
equivalent$ to k

k
f
l_Ù A Ú 2 Û 100.It is clearfrom Fig. 4 thata mea-

surement, of vibrationalrelaxationwith time in the ÜoÝ 1 case
would3 provide valuable information. The short time scale
would3 give the forward ratecoefficientk

k
f
l and� the long time

scale, thepredissociationlifetime Þ�ß j
L . Thebindingenergyof

the
#

vanderWaalscomplexcouldbeobtainedfrom themea-
surement, usingthe formula

I
�\àâá

k
k

B
� T
 

ln
ãåä

cæ 2
ç /
)-èêé

,ë ì 51
íïî

whereð cæ 2
ç is
ñ

the yò intercept
ñ

of the coefficientpredissociation
curve.ó The zero-temperaturequenchingrate could then be
determined
ô

from õ-ö j
÷ andø I usingù Eq. ú 46û .

FIG. 2. Elastic scatteringcrosssectionfor 3
ü
He and 4He colli-

sionswith H2
ý ( þêÿ 0, j

���
0).

FIG. 1. Channelpotential � solid� curve� and boundstatewave
functions for the ��� 0, j

��	
0 complex of 3

ü
He 
�
�
 H2 and

4He ����� H 2
ý .�
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The discussiongiven abovemay be generalizedto sys-
tems
�

possessingmore than one bound level of the van der
Waals
�

complex.Figure5 showshow the high densityrelax-
ationø plot would look for a systemthat supportstwo bound
levels.As before,theshorttime scalewould begivenby the
collisionaló process.The intermediatetime scale would be
given� by the predissociationlifetime correspondingto the
most deeplyboundstate,and the long time scalewould be
given� by the predissociationlifetime of the loosely bound
complex.ó

VIII. DISCUSSION

Effective
�

rangetheory is often usedto showthat the po-
sition� of the last boundstatefor a radially symmetricpoten-
tial
�

hasa stronginfluenceon theelasticscatteringcrosssec-
tion
�

asthecollision energyis reducedto zero.In thepresent
work,ð we haveextendedthe theoryto includepotentialsthat
areø not radially symmetric.It is shownthat the position of
the
�

lastboundstatehasa stronginfluenceon both theelastic
andð the

�
inelasticscatteringcrosssectionswhenthe collision

energy� is small.

Using
�

a simplekinetic model,we haveshownthat if the
density
ô

of atomsin a trap is large,vibrationallyexcitedmol-
ecules� relaxprimarily throughtheprocessof vibrationalpre-
dissociation.
ô

Therateof predissociationof theweaklybound
complexó decreaseswith the binding energyof the complex
so� that the predissociatingstatewith the smallestbinding
energy� controlsthe relaxationrateat high densities.At low
atomø densities,the relaxationis determinedprimarily by the
direct
ô

collisional quenchingprocess.Therefore, the most
weaklyð boundstateof the van der Waalscomplexactually
controlsó the relaxationfor all atomdensities.

Measurementof relaxationin thehigh densitycasewould
provide� directinformationabouttheratecoefficientsk

�
f
�

,n� andø
k
�

b
�

,n� asø well asthepredissociationlifetimes ��� j
÷
,n� andø binding

energes� I  j
÷
,n� of! the complex and the zero-temperature

quenching" rate coefficientsR
#%$

j
÷ . We arguethat the use of

trapped
�

moleculesto measureFeshbachresonanceparam-
eters� would providea stringenttestof atom-moleculepoten-
tial
�

energysurfaces& 9')( . Thehigh densitylimit of thekinetic
model* describedin the presentwork may provide a useful
experimental� methodfor obtainingsuchinformation.
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APPENDIX: MORSE POTENTIAL

To illustrate the generalformulasderivedin Sec.III, we
analyzeø thephysicalpropertiesof weaklyboundstatesfor an
exactly� solvableproblem.If theinteractionin theinitial state
canó be describedby the Morsepotential

V ii - R .0/ V0
�21 e354 2

ç76
R
�58

R
�

c9;: /
<
a=2> 2e3@?BA R�5C R

�
c9;D /< a=�E ,ë F A1G

then
�

theenergyandwavefunctionof theweaklyboundstate
willð dependon thepotentialstrengthH5I 2mV� 0

� að 2 asø follows:

I
�)J

V0
� 1 K 1

2
LNM O 2

ç P
A2
QSR

FIG.
T

4. Vibrational relaxationof trappedH2
U ( V�W 1, j

X�Y
0) due

to interactionwith 4
Z
He at 10 mK. Thedottedcurveis thetime scale

due to collisions, and the dashedcurve is the time scaledue to
predissociation.The solid curveis the total relaxationtime.

FIG.
T

3. Inelasticscatteringcrosssectionfor 3
[
He
\

and 4He
\

col-
lisions with H2( ]�^ 1, j

X�_
0).
` FIG. 5. Simulatedrelaxationfor a systempossessingtwo qua-

siboundlevels.At high atomdensity,therelaxationis controlledby
the quasiboundlevel with the longestlifetime.
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andø
b

i c Rdfe0g 1

aðihkj 2lnm að5oqp 2lNr s et5uBv R w Rcx;y /
<
az�{�| az

}
exp��~���� � et@�B� R � Rcx;� /

<
az�� . � A3�

The
,

condition of a weakly bound state is satisfiedif the
potential� strengthcan be expressedas �5� 1/4��� ,ë where ��

1. Asymptoticexpressionsfor the binding energyandthe
waveð function of weakly boundstatesarethengiven by

I � 4 � 2
ç
V0
� ,ë��k� 1, � A4�

�
i � Rdf�0��� 2

ln�
et5 ¢¡¤£ R ¥ Rcx;¦ exp� § 1

2
l et5¨B© R ª Rcx;« /

<
az . ¬ A5

QS
Asymptotic solutionsfor the Morse potential can be com-
pared� with thegeneralasymptoticsolutionsgivenin Sec.III.
The normalizationfactor N

®
Morsē�° 2 ± given� in Eq. ² A5³ is

equal� to thenormalizationconstantfor thegeneralcasegiven
by
´

Eq. µ 42
¶¸·

. Thewavefunctionof theweaklyboundstatefor
the
�

Morsepotentialin the externalareaR ¹ R0
� is described

by
´

the sameasymptoticsasEq. º 37
»¸¼

,ë½
i ¾ R ¿0ÀÂÁÄÃÆÅ R Ç0È�É 2 Ê et@Ë@Ì R

Í
,ë R Î R0

�2Ï RcÐqÑ¸Ò að ,ëÔÓ A6Õ

whereð Ö is
ñ

an arbitrary numberof units. For simplification
weð assumethat the radiusRcÐ of! the equilibrium position is
comparableó with thewidth að of! theMorsepotentialwell, i.e.,× aðNØÚÙ RcÐÜÛ 1. Internal solution in the active area R Ý RcÐÞ¸ß

að depends
ô

on thebindingenergyfrom thenormalization
factor N

®
(
à
I)
á

only,

â
i ã Rdfä0åÂæfçéè Rdfê0ë�ì 2

lní
exp� î 1

2
l et5ïBð R ñ Rcx;ò /

<
az ,ë ó A7

QSô
asø shownin Sec.III. The radial part of the internalsolutionõ

0
� (à Rd )

á
correspondswith exponentialaccuracyto thesolution

withð zeroenergyboundaryconditionsat R0
�2ö RcÐq÷¸ø að given�

by
´

ù
0
�)ú R û R0

��ü0ý exp� þ 1

2
et5ÿ�� � 1

�
et������ 1 	 ,ë 
 A8�

d
��

0
��� Rd��

dR
�

R
Í��

R
Í

0
�
��� et����

2
l

að�� 0
��� Rd � R

d
0
�"!$# 0.

% &
A9
Q('

Matrix elementsof predissociativedecayfor different chan-
nelswill dependon the binding energyonly via the normal-
ization
ñ

factor N
®

(
à
I
)
)
á
, andthe total predissociationrate * i willð

include
ñ

N
®

(
à
I
)
)
á

as the only dependenceon the binding energy.

+
1, J.
-

M. Doyle,B. Friedrich,J.Kim, andD. Patterson,Phys.Rev.
A
.

52, R2515 / 19950 .1
22 J.
-

T. Bahns,W. C. Stwalley,andP. L. Gould,J. Chem.Phys.
104, 9689 3 19964 .56

37 A.
.

Fioretti,D. Comparat,A. Crubellier,O. Dulieu,F. Masnou-
Seeuws,
8

andP. Pillet, Phys.Rev.Lett. 80,9 4402 : 1998; .<
4= T. Takekoshi,B. M. Patterson,andR. J. Knize, Phys.Rev.A

59
>

, R9 5 ? 1999@ .5A
5B J.
-

D. Weinstein,R. deCarvalho,T. Guillet, B. Friedrich,andJ.
M.
C

Doyle, Nature D London
E F

395
G

,9 148 H 1998I .5J
6K N.
L

Balakrishnan,R. C. Forrey,andA. Dalgarno,Chem.Phys.
Lett. 280, 1 M 1997N .5O

7P N.
L

Balakrishnan,R. C. Forrey, and A. Dalgarno,Phys.Rev.
Lett.
E

80
Q

,9 3224 R 1998S .5T
8U N.
L

Balakrishnan,V. Kharchenko,R. C. Forrey, and A. Dal-

garno,V Chem.Phys.Lett. 280, 5 W 1997X .5Y
9Z R.
[

C. Forrey, N. Balakrishnan,V. Kharchenko,and A. Dal-
garno,V Phys.Rev.A 58, R2645 \ 1998] .^

10_ G.
`

Ewing, Chem.Phys.29, 253 a 1978b .5c
11d J.
-

M. HutsonandS. Green,MOLSCAT
e computerf code,version

14 g 1994h ,9 distributedby CollaborativeComputationalProject
No.
i

6 of the Engineeringand Physical SciencesResearch
Council
j k

U.K.l .5m
12n A. M. ArthursandA. Dalgarno,Proc.R. Soc.London,Ser.A

A256,9 540 o 1963p .5q
13r J. M. Hutson,C. J. Ashton,andR. J. LeRoy, J. Phys.Chem.

87,9 2713 s 1983t .5u
14v P. Muchnick and A. Russek, J. Chem. Phys. 100, 4336w

1994x .y
15z D. W. Schwenke,J. Chem.Phys.89

Q
,9 2076 { 1988| .5

2152 PRA 59FORREY,
}

KHARCHENKO, BALAKRISHNAN, AND DALGARNO


