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Vibrationalrelaxationof trappedmoleculesdueto collisionswith cold atomsis investigatedisingtheresults
of quantum-mechanicacatteringcalculationsTrap lossis analyzedusing an exactly solvablekinetic model
that includesdirect collisional quenchingand an indirect processof vibrational predissociationAt low atom
density,the relaxationis dueprimarily to collisional quenching At high atomdensity,the relaxationinvolves
additionaltime scalesdueto the formationand decayof van der Waalscomplexeslt is shownthat the most
weakly boundstateof the van der Waalscomplexfor a givendiatomicvibrationallevel controlsthe relaxation
at all atomdensitiesPossibleexperimentaising trappedmoleculesare discussed[S1050-294®9)05303-2
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I. INTRODUCTION

Experimentalefforts to trap molecules[1-5] have moti-
vatedrecentinvestigationof collisional quenchind6,7] and
vibrational predissociation [8,9] of diatomic systems.
Trappedmoleculesprovidea uniqueopportunityto studythe
threshold behavior of collisions betweenatoms and mol-
ecules[6]. Measuremenbf Feshbachresonancei scatter-
ing crosssectionswould give valuableinformationaboutthe
atom-moleculepotentialenergysurface[9].

Predissociatiormay play an importantrole in the relax-
ation of vibrationally excitedmoleculeswhenthe densityof
surroundingatomsis high andthe time scalefor establishing
equilibriumof vanderWaalsmoleculess shortcomparedo
otherrelaxationprocessegl0]. Thereforejt maybepossible
to use the relaxationof vibrationally excited trappedmol-
eculesasa meansfor obtainingthe Feshbachresonancea-
rametersin the presentwork, we investigatethis possibility
for trappeddiatomic moleculesby including predissociation
in the kinetic theory of vibrational relaxation.Using calcu-
lated quenchingratesand predissociatiorifetimes for a re-
alistic system,we makeestimatesof the relaxationtime for
vibrationally excitedtrappedmoleculesasa function of atom
density. The role of the mostweakly boundstateof the van
derWaalscomplexis investigatedor boththe low andhigh
densitylimits. It is shownthat a single measurementf vi-
brationalrelaxationof trappedmoleculesperformedat high
atom densitywould uniguely determinethe binding energy
and predissociatiorifetime of the van der Waalscomplex,
the collisional rate of formation of the complex, and the
zero-temperaturguenchingrate of the exciteddiatom.

The paperis organizedasfollows. In Sec.Il we present
the kinetic modelfor trappedmoleculesSectionlll reviews
the exact close-couplingformulation for computing cross
sectionsandlifetimes.In Sec.lV, we useperturbatiortheory
to analyzethe relationshipbetweenthe binding energyof a
weakly bound complex and its predissociationdecay rate.
Effective rangetheoryis usedin Sec.V to provideestimates
of predissociatiorifetimes for the mostweakly boundlev-
els. SectionVI discussedhe detailedbalancebetweenthe
collisional rate of van der Waals formation and decay.In
Sec.VIl we give somenumericalresultsfor the two isotopes
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of helium interactingwith vibrationally excitedH,. Atomic
units are assumedhroughoutthe paper.

II. KINETIC MODEL

Relaxationof vibrationally excitedtrappeddiatomicmol-
eculesmay occur through the direct collisional quenching
process

A+BC* -A+BC, (1)

whereA is a trappedatom,BC* is theinitial exciteddiatom
with vibrational quantumnumberv and rotationalquantum
numberj, and BC is any final statediatom with quantum
numbersy’ andj’ different from v andj. The internal en-
ergy of the initially exciteddiatomis transferredo transla-
tional energywith rate coefficientR,;. The vibrational en-
ergy spacingof the diatomis typically muchlargerthanthe
depths of experimentaltraps and we may assumethat
quenchednoleculesareimmediatelyremovedfrom the trap.
A two-stepmechanisnmmay alsoremovemoleculesrom the
trap. In the first step,the moleculesform a van der Waals
complexA- - -BC*,

A+BC*+A—A...BC* +A, (2)
throughcollision with atomsA. If the binding energyof the
complexis lessthanthe trap depth,thenthe van der Waals
moleculemayremainwithin thetrap. The complexmaythen
decayafter afinite lifetime 7,; throughthe processof vibra-
tional predissociation,

A...BC*—A+BC. ®)]

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

d
T[BCY I+ (Ry[AT+ K ATD[BC* ],
=ky[A][A---BC*],, @
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d
gilA BC* 1+ (7,; +kp[AD[A- - -BC* ],
=k A]*[BC*];, (5)

where[BC*]; and[A- - - BC*]; arethe respectivedensities
of BC* andA---BC* at time t after an initial sourceof

BC* hasbeenturnedoff. The densityof cold atoms[A] is

assumedo be constantThe rate coefficientsfor the forward

and backwardreaction(2) are given by k; andk,, respec-
tively. Equations(4) and (5) may be combinedinto a single
second-ordedifferential equation,

2

d * -1 2 d *
E[BC let A7+ (Ryj+ kp) [A] T K A]7 5 [BCH ],

+{7,;'R,[A]+ (kpR,j+ 7, k) [ATP}[BC* ],
=0 (6)

with the solution

[BC*],=[BC*Jo(cie Mi!+coe 2, (7)

where
Ni=3(a+p), @8
Ny=3(a—B), 9)

a=1,; +(Ryj+ky) [A]+ K AT, (10)

B= | 7,; + (ky—R,j)[A]— K AT? 2+ 4keky[ AT,

(11
[A---BC*],
. k 2_\,—k - v
- RULALF kAT ha kol A= -
1= )\1_7\2 ’
(12
and
[A---BC*]o
R . —k 24k - - 7
) MRy (Al K AT AT
62= NNy
(13

If the time scale for establishingequilibrium of van der
Waalsmoleculesis shortcomparedo other relaxationpro-
cessesthenwe mayassumea steady-statesolutionto Eq. (5)
during the time that the trappedmoleculesare being pro-
duced.Theinitial conditionneededoy Eqgs.(12) and(13) is
thengiven by

[A---BC*]p
[BC*]o

kAl
7, +ko[A]

14

If we define
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kekp[ A
€= (15
|7+ (kp— R,j[A]— kg AT??
and
R,;[A]+ kAT
S L 16
T KA (10

and assumehat e<1, thenthe relaxationpathis controlled
by the value of y. For y>1 or y<1, the time scalesare
given by

(17)

(18

M=(1—y te)(R,;[A]+Kk{AT?),
No=(1—ye)(7,; +ky[A])

with ¢;=1— ve andc,= ye. For y=1, the assumptione
<1 breaksdown andthe formulas(8)—(13) mustbe used.In
the low densitylimit, y<<1 andthe relaxationis controlled
by the quenchingime scalex ;=R;[A]. In the high density
limit, y>1 andthe relaxationis controlledby the predisso-
ciation time scalex,=7,;'.

The abovediscussiomrmay be generalizedo include van
der Waals interactionsthat support more than one bound
state.Forexamplejf we consideratwo-levelsystemlabeled
A---BC7 andA. - - BC3, thenthekinetic equationg4) and
(5) mustbe replacedby

d
gi[BC 1+ (R ;[A]+ Ky [ AT+ Ky A A]*)[BC* ],

=kp [AJ[A---BCT ] +kp JA][A---BC3];, (19

d -
gilA - BCILH (7,51 +ky [AD[A- - -BCI];

=k;[A][BC*];, (20)
d
ailA - BC it (752t ke AADIA- --BC3 ]y

=ky JAT[BC*], (2D

resultingin a third-orderdifferential equation.In Eqs.(19)—
(21) we haveassumedhatinelasticatom-complexcollisions
arenegligible.The solutionto Egs.(19)—(21) maybewritten

[BC*],=[BC*]o(c,e M'+c,e t+eze M3, (22

where
N=Ty5 (23)
Na=1T,j2, (24)
N3=R,j[A]+Kks[A]*+ ks AT (25)

in the high densitylimit. The abovediscussionis similar to
the usualmasterequationanalysiswherethe time scalesare
determinedby the eigenvalue®f aratematrix. In the present
case,however,we seethat at high densitiesthe important
time scalesare related directly to the predissociationife-
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times and the relaxationtime is given by the quasibound
level with the longestlifetime.

I11. CLOSE-COUPLING EQUATIONS

The kinetic model describedabovedependson input pa-
rametersthat may be computedusing an exact quantum-
mechanicalclose-couplingformulation. Therefore,we pro-
vide a brief review of the close-couplingorocedureusedin
the presentwork. The atom-diatom Hamiltonian in the
center-of-mas$rameis given by

1 ., 1,
H=—%Vr—ZVR-Fv(f)"‘Vr(r,R’(’)’ (26)

wherer is the distancebetweeratomsB andC of the diatom,
R is the distancebetweenatom A andthe centerof massof

the diatom, 6 is the anglebetweerr andR, m is the reduced
massof the diatom,and u is the reducedmassof the atom
with respectto the diatom. The diatomic Schralinger equa-
tion

oo =D+ ey (D=0 (27)

is solved by expandingthe rovibrational wave function
Xoj(r) in a Sturmianbasisset. The full wave function is
expandedn a setof channelfunctions[n=(vjl)],

VIM(R,F)

= —E Ca(R) ¢n(R,F), (28)

¢n(R I‘)— ij(r)

X X 2 (13| M — ) Y, (F) Y (R),
mj ny
(29

wherel is the orbital angularmomentumof the atom with
respecto the diatom,d is the total angularmomentumM is
the projection of J onto the space-fixedz axis, and
(j13[m; ,M — ) denotesa Clebsch-Gordormoefficient.Op-
erating the Hamiltonian (26) on the channelfunctions (28)
leadsto a setof coupledequations

d>  Iy(I,+1)

= R +2uE,

Cm(R)

=2, Ca(R)(bml Vil tn), (30

where E,, is the translationalenergyandl,, is the orbital

angularmomentumin the mth channel.The close-coupling
equationg30) aresolvedusingthe generalinelasticscatter-
ing programMOLSCAT [11]. The crosssectionsandrate co-

efficientsaregiven by [12]
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Tod=otd! Z/LEUJ(ZJ+1 2 23+ D)
|9+ \Jﬂ\
;J\ 1=|3—j’ \l i O Gou: S;i’”’vv’|2’
(31
R,: ., i(T)=(8kgT/7p)?———
v,j—v’f B M (kBT)Z
XJO UU,]’—»U’J’(EU])
xexq_Evj/kBT)Evj'dEuj’ (32)

whereT is thetemperatur@ndkg is the Boltzmannconstant.
The total quenchingrate coefficientsR,; neededin the ki-
netic modelof Sec.Il aregiven by

Ryj(T)= 2 Ryjprj(T). (33)
v'j’

To obtain the predissociationlifetimes, the close-coupling
equationsare solvedfor energiesdbelowthreshold the $ ma-
trix is diagonalizedandthe eigenphassumis differentiated
with respecto energyto obtainnumericallyexactresonance
widths. The predissociatiorlifetime is then given by 7,; ,
=1 ,; n, Wheren is the quantumnumberof the boundstate
of the van der Waalscomplex.

IV. PERTURBATION THEORY

Becauséhekinetic modelpresenteéboveshowsthatthe
relaxation rate dependsmost strongly on the quasibound
level with the longestpredissociatiodifetime, it is usefulto
examinethe relationshipbetweerdecayrateandbinding en-
ergy for aweakly boundcomplex.We assumehat the bind-
ing energyI of the van der Waals complexA- - -BC* is
small, but well defined,i.e.,I';<<I. The predissociatiorrate
may thenbe calculatedusing perturbationtheory. The wave
functionsin zero-orderapproximationare calculatedby ne-
glecting nondiagonalmatrix elementsV;;, and the decay
processds calculatedusingthe standardrule

2
ri=; ri,,=2w; g(f)‘ f X (RIVi((RIXXR)AR
(34)

where x{ (R)=R¢) (R) are the unperturbedradial func-
tionsandg(f) is the degreeof degeneracyf the final state.
For a sphericallysymmetricinitial stated=0, =0, andj

=0, the degeneracyof the final statesis given by g(f)

=(2l' +1). If themomentuntransferis large,thenthefinal

continuumwave function will havemany oscillationsin the
regionof overlap,andthe decaywidth will be small. There-
fore, the largestpartial widths are generallyfound for values
of I’ that minimize the amountof transferredmomentum
[13].
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We now derive an asymptoticformula for the predisso-
ciationdecayrate (34). Theinitial boundstatewavefunction
Xio( R) may be calculatedfrom the equation

a?x)(R)

e —[K*+2mV;i(R)Ix)(R) =0,

(39

where k2=2ml . The binding energy! is an arbitrary small
value satisfying the condition of a weakly bound state: ¥
<max|V;;(R)|} for along-rangepotentialor x<’R3<1 for a
short-rangepotential of radius R,. The strength¢ of the
bindingpotentialV;; shouldbe enoughto supportatleastone
boundstate:

£=2m j:v”(R)RdRz 1. (36)

In the externalareaR>R, of a potential well, where the
binding energyis largerthanthe potentiall = x%/2m> |V,

the potential energy may be neglectedin the Schralinger
equation.The function x(®(R) may then be approximated

by

x=(R)=N()e X,
X<(R)=N(I)yo(R),
whereN([I) is a normalizationcoefficient. The leadingterm

of the internal solution y - (R) may be obtainedby solving
the Schralingerequationat zeroenergy,

R>R,

R<R,, @7

Xfo)(R):{

d*yo(R)

. 2mV;i(R) ¢(R) =0,

(38)

andmatchingto the externalsolution y~.(R) in theboundary
areaR~Ry:

0 — - kR d 0 —
Xi (Ro)=N(D)e~*", o[ xi(R) Jp=g,= — «. (39)

For weakly bound states,kRy<<1, the boundaryconditions
for the internal solution ¢,(R) may be written as energy
independentonditions

diy(R)
o(Ro)=1; dOR

(40)

R=R,

The internal part of solution y - (R) dependson the binding
energyvia the normalizationfactor N(I), which may be cal-
culatedasfollows:

Ro o
| rar= [ “icmpars [y riar
0

=1. (42

=N?(I 1R+1
=N<(l)| constR, P

Becausethe binding energy[ is small, the normalizationis
given by

N(I=2xk=(8ml)Y (42)
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Accurateevaluationof the rate of predissociatiormay be
done numerically with the exactradial wave functionsand
nonadiabatianatrix elementsV;{(R) using Eq. (34). Since
the matrix elementsV;;(R) decreasat largedistancedaster
thanall otherfunctionsin Eq. (34), the effectiveintegration
areais restrictedto distanceR<R,. Therefore the predis-
sociationrateis given asymptoticallyby

2
Fi=4<2ml)1’2§ g f Yo(R\Vi(R)xJ(R)GR| .
(43)

Sinceall termsof the sumin Eq. (43) are independenbf
binding energy,the decaywidth variesasI*? for smalll. In
the Appendix, we demonstratethe validity of the general
asymptoticformula (43) for the specialcaseof the Morse
potential.

V. EFFECTIVE RANGE THEORY

In Sec.lV, we showedthat predissociatiorifetimes in-
creasewith decreasingbinding energy of the complex.
Therefore,the lifetime of the most weakly bound complex
will controlthe relaxationfor high atomdensities This life-
time may be estimatedusingthe effectiverangeformula [9]

—1_ ZBUj I

, _ ZaU!-rUj
vj T 2
Iurvj|avj'| l

-1/2
-1, (44
| avj' | 2 ]

wherea,j= a,;—iB,; is the complexscatteringlength and
rpj is the effectiverange.We follow the notationalconven-
tion thatthe labeln will be suppressewhenreferringto the
mostweakly boundlevel of the van der Waalscomplex. It

hasbeenshown[8,9] thattheimaginarypartof the scattering
lengthis given by

Mo
:Buj = E‘II'ITOR”(T) .

(45)

Recalling the kinetic model of Sec. Il, we concludethat
when the density of atomsin the trap is large, the system
relaxesprimarily throughthe processof vibrational predis-
sociation.This relaxationprocesss independenof tempera-
ture. However,using Egs. (44) and (45) we seethata mea-
surementof the vibrational relaxation performed at high
temperatureand high densitywould yield information about
the total collisional quenchingrate also at zerotemperature.
This pieceof informationis extremelyvaluablein determin-
ing whethera trappedmolecularspeciescould be efficiently
cooledto ultracoldtemperatures.

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

o 1

. (2u1)3?
lim = T = .
T—0 Ruj(T) 271'an 2w

(46)

Therelationshipbetweerrate coefficientand predissociation
lifetime givenin Eq. (46) may be understoodrom a simple
physicalpicture. The typical spreadL of the wave function
for a weakly boundstatedepend=on the binding energy:L
=1/\2ul. The effective densityof atomsin the activearea
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is estimatecas[A]~ 1/L3. The decayrateof predissociation
maythenbe calculatedas ru’jl=limpo R,;(T)[A] in accor-
dancewith Eq. (46).

VI. COMPLEX FORMATION AND DECAY

In orderto completeour analysisof the kinetic model
presentedn Sec.ll, we needto determinethe forward and
backwardrate coefficientsk; andky,. In general,thesepa-
rametersare extremelydifficult to compute,and are beyond
the scopeof this work. However,we may use detailedbal-
anceto removethe backwardrate coefficientk, from the
analysis At low temperatureghe forwardrate coefficientky
is independenbf temperaturelueto Wigner’'s thresholdiaw
for inelastic collisions. Therefore,in the following discus-
sion, we ignore the temperaturedependencef k;. If we
restrictthe complexformation and decayprocess(2) to in-
cludeonly s waves,then

kp(T)=Kk;[Alexp(—1/kgT). (47)
The temperaturedependencef the relaxationparametery
definedin Eq. (16) is thengiven by

vT) _ R,;(T) +k;[A] 48
[A] 7tk AT exp(—1/kgT)
WhenI<kgT,
[7Ry(DIAL  [A]-0,
Y _[exp(I/kBT), [A]—. 49
When|>kgT,
2ma[A], [A]-0,
— 50
" |rv,-kf[A]2, (A, 50

At low temperaturesthe predissociatiorrelaxationpath is
important when the density satisfies the condition [A]
>(7,jks) Y2 In the zero-temperaturdimit, the backward
ratecoefficientk, approachegeroexponentiallyfastandthe
predissociatiomelaxationpath becomesegligible.

VII. RESULTS

The kinetic modelis testedfor the two isotopesof helium
interactingwith vibrationally excitedH, . The parameterare
obtainedfrom full quantum-mechanicalalculationson are-
liable potentialenergysurface:the HeH, interactionpoten-
tial of Muchnick and Russek[14] and the H, potential of
Schwenke[15]. We find that the weakly bound He- - - H,
complexsupportsone boundstatefor eachof its associated
diatomic vibrational levels. Figure 1 showsthe channelpo-
tential and the bound statewave functionsfor the v =0, j
=0 complexof 3He: - -H, and *He- - - H,. Both wavefunc-
tions arevery diffuse, extendingto distanceof 100A and
beyond. The binding energyof the 3He- - -H, complexis
0.0016 cm ! whereasfor “He---H, it is 0.0298 cm™ 1.
This differencein binding energyis responsibldor the large
differencein the elasticscatteringcrosssectionsfor *He and
“He collisionswith H, shownin Fig. 2. The inelasticscat-
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0l ——— "He (E=-0.0298 cm ™)
Tg S~o
€ N
S || ey e
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FIG. 1. Channelpotential (solid curve and bound statewave
functions for the v=0, j=0 complex of 3He---H, and
“He- - - H,.

tering crosssectionsfor 3He and “He collisionswith H, are
shownin Fig. 3. The differencebetweenthe two crosssec-
tionsin Fig. 3 is dueto the differencesin the two binding
energief the He- - - H, complexedor v=1.

Figure 4 showsthe relaxationof [H,(v=1, j=0)], due
to interactionwith “He atomsat atemperatur@f 10 mK. For
the calculation, we used the predissociationlifetime and
binding energygiven by Forrey et al. [9] of 0.069 secand
0.0282 cm !, respectively.We assumedy=6.9 which is
equivalento kf[A]2= 100.1t is clearfrom Fig. 4 thata mea-
suremenbf vibrationalrelaxationwith time in the y>1 case
would provide valuable information. The short time scale
would give the forward rate coefficientk; andthe long time
scalethe predissociatiorifetime 7,; . The binding energyof
the vander Waalscomplexcould be obtainedfrom the mea-
surementusing the formula

I= _kBT ln(CZI’}/), (51)

whereg, is they interceptof the coefficientpredissociation
curve. The zero-temperaturguenchingrate could then be
determinedrom 7,; and| using Eq. (46).

10°

cmz)

—16

Cross section (10
=)

—_
<

10 h ‘, L L
107 10° 10 10 10 10

Kinetic Energy (eV)

FIG. 2. Elastic scatteringcrosssectionfor 3He and “He colli-
sionswith H,(v=0, j=0).
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Cross Section (10
>

Kinetic Energy (eV)

FIG. 3. Inelasticscatteringcrosssectionfor *He and “He col-
lisionswith Hy(v=1, j=0).

The discussiongiven above may be generalizedo sys-
tems possessingnore than one boundlevel of the van der
Waalscomplex.Figure5 showshow the high densityrelax-
ation plot would look for a systemthat supportstwo bound
levels.As before,the shorttime scalewould be given by the
collisional process.The intermediatetime scale would be
given by the predissociationlifetime correspondingo the
most deeplyboundstate,and the long time scalewould be
given by the predissociatiorlifetime of the loosely bound
complex.

VIIl. DISCUSSION

Effective rangetheoryis often usedto showthat the po-
sition of the lastboundstatefor a radially symmetricpoten-
tial hasa stronginfluenceon the elasticscatteringcrosssec-
tion asthe collision energyis reducedo zero.In the present
work, we haveextendedhe theoryto include potentialsthat
are not radially symmetric.It is shownthat the position of
the lastboundstatehasa stronginfluenceon boththe elastic
and the inelasticscatteringcrosssectionswhenthe collision
energyis small.

0

10

— total
collision

——- predissociation

o} ~

0)] (arbitrary units)
7

/

Hyv=1, ]

0.0 0.1 0.2
1 (sec)

FIG. 4. Vibrational relaxationof trappedH,(v=1, j=0) due
to interactionwith “He at 10 mK. Thedottedcurveis thetime scale
due to collisions, and the dashedcurve is the time scaledue to
predissociationThe solid curveis the total relaxationtime.

VIBRATIONAL RELAXATION OF TRAPPEDMOLECULES

2151
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@

0.0 0.5 1.0
t (sec)

FIG. 5. Simulatedrelaxationfor a systempossessingwo qua-
siboundlevels.At high atomdensity,the relaxationis controlledby
the quasiboundevel with the longestlifetime.

Using a simple kinetic model,we haveshownthatif the
densityof atomsin atrapis large,vibrationally excitedmol-
eculesrelax primarily throughthe procesf vibrationalpre-
dissociationTherateof predissociatiorof the weakly bound
complexdecreasesvith the binding energyof the complex
so that the predissociatingstate with the smallestbinding
energycontrolsthe relaxationrate at high densities At low
atomdensitiesthe relaxationis determinecbrimarily by the
direct collisional quenchingprocess.Therefore,the most
weakly boundstateof the van der Waals complexactually
controlsthe relaxationfor all atomdensities.

Measuremenof relaxationin the high densitycasewould
providedirectinformationaboutthe ratecoefficientsk; , and
ky » aswell asthe predissociatiorifetimes 7,; , andbinding
energesl,; , of the complex and the zero-temperature
quenchingrate coefficientsR, ;. We arguethat the use of
trappedmoleculesto measureFeshbachresonanceparam-
eterswould providea stringenttestof atom-moleculgoten-
tial energysurfaceq9]. The high densitylimit of the kinetic
model describedin the presentwork may provide a useful
experimentalmethodfor obtainingsuchinformation.
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APPENDIX: MORSE POTENTIAL

To illustrate the generalformulasderivedin Sec.lll, we
analyzethe physicalpropertiesof weakly boundstatesfor an
exactlysolvableproblem.If theinteractionin theinitial state
canbe describedby the Morse potential

Vii(R)=Vo(e 2R Re)/a_oa" (R-Re)/a) (A1)
thenthe energyandwavefunction of the weakly boundstate
will dependon the potentialstrengthé =2mVya? asfollows:

1=V, (A2)
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and

1
Xi(R)= \/%(Z@Q(R Re) /a)xa

xexy — Jée~(R™Re) /],

The condition of a weakly bound state is satisfiedif the
potential strengthcan be expressedis ¢=1/4+ B, where 8
< 1. Asymptotic expressiongor the binding energyandthe
wave function of weakly boundstatesarethengiven by

(A3)

|=48%V,, B<1, (A4)

1
Xi(R)= 2 ke *(R=Re) exp{ — Ee*(Rch) /a

. (A5)

Asymptotic solutionsfor the Morse potential can be com-
paredwith the generalasymptoticsolutionsgivenin Sec.lll.
The normalizationfactor Nyorse= 21 givenin Eq. (A5) is
equalto the normalizationconstanfor the generakcasegiven
by Eg. (42). Thewavefunctionof the weakly boundstatefor
the Morse potentialin the externalareaR>R, is described
by the sameasymptoticsasEq. (37),

xi(R)=x=(R)=2ke "R, R>R;=R.+ na, (A6)
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where 7 is an arbitrary numberof units. For simplification
we assumehat the radiusR, of the equilibrium positionis
comparablevith thewidth a of the Morsepotentialwell, i.e.,
ka~kR,<1. Internal solution in the active area R~R,
+ pa dependsn the binding energyfrom the normalization
factor N(1) only,

. (A7)

1
XiR)=x(R)= 2Kex;{ - Ee*(Rch) /a

asshownin Sec.lll. The radial part of the internal solution
Jo(R) correspondsvith exponentiabccuracyto the solution
with zeroenergyboundaryconditionsat Ry= R, + na given
by

wo(RzRO)zexp{—%e” =1 (e "<1), (A8)
dip(R -7
W iR=R)=0.  (A9)

R=R,

Matrix elementsf predissociativedecayfor different chan-
nelswill dependon the binding energyonly via the normal-
izationfactor N(F), andthe total predissociatiomateI"; will

includeN(I) asthe only dependencen the binding energy.
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