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Rotational and vibrational distributions of zero-temperatureollisional rate coefficientsfor atom-diatom
scatteringare usedtogetherwith effective rangetheory to obtain lifetimes for predissociationHigh-order
indirectpotentialcouplingin the guantum-mechanicaklculationis interpretedusinga simpleclassicalpicture
that describeghe quasiresonantynamicsof atom-diatomcollisions by the conservatiorof classicalaction.
The importanceof closedchannelthresholdsn determiningthe structureof the distributionsandthe balance
betweenmomentumgap and nearresonanteffectsis discussed.
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I. INTRODUCTION

The possibility to cool and trap molecules[1-11] pro-
videsa uniqueopportunityto studycollisionsbetweeratoms
andmoleculesat very low translationaknegies[12—16] and
may allow experimentaldetectionof very narrow predisso-
ciation decaywidths [13]. Vibrational predissociationwill
play animportantrole in the relaxationof vibrationally ex-
cited trappedmoleculeswhenthe densityof surroundingat-
omsis highandmay be usefulin determining-eshbacheso-
nance parametersfor ultracold atom-molecule collisions
[13]. Calculationshave demonstratedhat very efficientand
specific rovibrational transitionsoccur in the limit of zero
temperaturg14]. The dynamicsthat producetheseso-called
guasiresonant transitionscan be expectedto influencethe
predissociatiorof van der Waalsmolecules.

Theimportanceof nearresonaneffectsin vibrationaland
rotational predissociationof van der Waals moleculeshas
long beenrecognized17-22]. For avanderWaalsmolecule
consistingof anatomanda diatom,theinternalenegy of the
diatom is convertedinto translationalenegy of the frag-
ments.In pure vibrational predissociationwhere all of the
diatoms vibrational enegy is convertedinto translational
enepy, the predissociatiorwidths are very small dueto the
large number of oscillations in the final-state continuum
wavefunction. This so-called‘momentumgap’ effect is re-
ducedwhensomeof the diatoms vibrationalenegy is con-
vertedto rotationalenegy. A nearresonantprocessof this
kind generallyrequiresa large changen therotationalquan-
tum numberof the diatom.If thevanderWaalsmoleculehas
weak anisotropy the direct bound-continuunpotentialcou-
pling is very small. In this case,the higherorder indirect
potential coupling is controlling the predissociation[21].
However a detailedunderstandingf the mechanisnmunder
lying the high-orderindirect potentialcouplinghasnot been
given.

Typically, the balancebetweenthe momentumgap and
near resonanteffects will producean oscillatory rotational
distributionfor the partial predissociatiorwidths of van der
Waals moleculesthat havelittle or no internal angularmo-
mentum.It hasbeensuggested21] thatthe oscillatoryrota-
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tional distributionscould be a rotational rainbow phenom-
enon.This descriptionrequiresthat the rotational period of
thediatombelongerthanthetime requiredfor the fragments
to separate.

In the presentwork, we considerthe oppositecasewhere
the rotational period is shortcomparecdo the time required
for the fragmentsto separateFor the most weakly bound
stateof the van der Waalscomplex,we find thatthe process
of predissociationis controlled by the same classicaldy-
namicalquasiresonartansferof enegy thatis foundin ul-
tracold atom-diatom collisions [14]. To demonstratethis
finding, we calculatezero-temperaturguenchingrate coef-
ficientsfor He collisionswith H, usingthe generalpurpose
scatteringprogramMOLSCAT [23] and the potential enegy
surfaceof MuchnickandRussel 24]. Effective rangetheory
is usedto relate the rate coefficientsto the predissociation
lifetimes. Thresholdbehavioris explainedusing a perturba-
tive descriptionof the scatteringmatrix elements.

II. THEORY

The calculation of predissociationlifetimes of weak-
anisotropy van der Waals molecules using perturbation
theoryhasbeenthe subjectof severaldetailedinvestigations
[20,21). The studiesconcludedthat perturbationtheory cal-
culationscould successfullymodelthe qualitativefeaturesof
numerically exactclose-couplingresults,but could not pro-
vide resultsthat were quantitatively accurate[20,21]. The
reasonwas due to the difficulty in achievingan adequate
representationf the boundstatewave function andthe ne-
glect of potentialcouplingbetweenopenchannelsThis can
be understoody consideringthe simplesttype of perturba-
tive schemewhich is often referredto as the space-fixed
distortion (SFD) method.In the zeroth-ordempproximation,
the wave functions are computedby neglectingthe nondi-
agonalmatrix elementsV,;, andthe decayprocesss calcu-
lated usingthe standardule
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where x; and x; are the unperturbedradial functions and
g(f) is the degreeof degeneracyof the final state.If the
momentumtransferis large, thenthe final continuumwave
functionwill havemanyoscillationsin the regionof overlap,
and the decaywidth will be small. In addition, the matrix
element(1) will be very sensitiveto small variationsof the
bound statewave function. Thereforea potential sourceof
error in perturbationtheory is an inadequaterepresentation
of the boundstatewave function[21].

The other major sourceof error in perturbationtheory
comesfrom neglectingindirect potential coupling [20,21.
As statedin the introduction, the largest partial widths are
typically foundfor final statesor which the amountof trans-
ferred momentumis small. The direct bound-continuunpo-
tential coupling elementsV;; that allow low-momentum
transfer however arisefrom high-ordertermsin a Legendre
expansionof the anisotropyof the intermolecularpotential.
Theseterms are very small for weak anisotropyvan der
Waals moleculessuggestingthat the predissociatiorwidth
will be small unlessthereis a substantiakcontributioncom-
ing from theindirectintermediatepotentialcouplings.In this
casetheperturbativeexpressior{1) providesa poorapproxi-
mationto the predissociatiorwidth dueto its neglectof the
indirect couplingterms. |t is possibleto constructmore so-
phisticatedperturbatiortheoriessuchasthe secularequation
perturbatiortheoryfor the openchanneld SEPTOC) thatare
moreaccuratehanthe SFD method[20]. At this stage how-
ever the utility in using perturbationtheoryto gain a quali-
tative understandingof the physics of predissociationbe-
comeslimited.

A numericallyexactprocedurefor computingthe predis-
sociationlifetimes s to solvea setof coupledchannelequa-
tions for enegies below threshold.The $ matrix is then di-
agonalizedand the eigenphasesum is differentiatedwith
respectto enegy to obtain the resonanceawidths. This ap-
proachwas taken[13] in orderto establishthe validity of
multichanneleffective range expansionsor weakly bound
complexesThe inverseof the predissociatiorifetime of the
mostweakly boundstateof the van der Waalscomplexwas
found to be well approximatedy [13]

Toi — — - m K,; ,
v 27Trvj|avj|2 |avj|2 T—0 1
(2
where

Ry(T) =2 Ryj_yjr(T)=
U’j,

is the total quenchingrate coefficient, a,; and g,; are the
real and imaginary parts of the scatteringlength a,;= a,
—ipB,;, andr,; is the effective rangefor the diatomiclevel
labeled by vibrational quantum number v and rotational
quantumnumberj. It is assumedn this analysisthat the
end-overendangularmomentumof the complexis zeroand
the vibrationalstretchingquantumnumberis the largestpos-
sible integerthat allows the complexto be bound.The scat-
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FIG. 1. Zero-enegy elastic scattering cross sections for
“He+H,(v,j) as a function of the initial vibrational and rotational
guantumnumbersv andj.

tering length approximationmay be obtainedby settingthe
effective rangeparameter,; equalto zeroin Eq. (2), yield-
ing

1

71 .

T, =5—3 lim R,;(T).
4 Zwayj T—0 g

(4)

Typically, thereal partof the scatteringengthis muchlarger
thanthe imaginary part. This allows «,; to be obtaineddi-
rectly from the zero-enagy elasticscatteringcrosssection
Tj—j=47( a5j+,85j)%477a12}j. (5)
Figure 1 showszero-enggy elasticscatteringcrosssections
for “He+H,(v,j) as a function of the initial vibrationaland
rotationalquantumnumbersv andj. The figure showsthat
a,; decreasesisj is increasedand the rate of decreasés
greaterasv is increasedGenerally the variationof «,; with
Jj is slow enoughthat the predissociatiorifetimes are con-
trolled by the total quenchingrate coefficientsR,;(T).

The multichanneleffective rangetheory describedabove
providesa link betweenthe dynamicsof quasiresonaniQR)
scattering and the vibrational predissociationof weakly
bound complexes We have shown[14] that the quenching
ratecoefficientsR,;_.,,/j/(T) arestronglyinfluencedby clas-
sicaldynamicsin the T—0 limit. The generalrule followed
by quasiresonantibration-rotation(QRVR) transitionsis

(6)

wherel = n;j +n,v is the conservedictionandn; andn, are
small integers.When the vibrational and rotational motion
arein approximatdow-orderresonancethe condition
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FIG. 2. A scatterplot of Aj versusAv for v;=2, j;=8, andE
=10"5 atomic units. The frequencyratio for this caseis o,/ ;
~4.5 andthereis no correlationbetweenAj and Awv.

n,/nj~ o,/ o; (7)
alsoholds,wherew, and w; arethe classicalvibrationaland
rotationalfrequencieof the diatom.In this case essentially
all of the classicaltrajectorieswill obey the quasiresonant
rule (6) for asingle(n,,,n;) pair[25]. The classicabehavior
will persistasT—0 if Avand Aj are allowed to take on
nonintegewalues 14]. Thisis demonstrateéh Figs.2 and3.
Figure 2 showsa scatterplot of Av versusAj for aninitial
rotational level j=8 at a collision enegy of 10> atomic
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FIG. 3. A scatterplot of Aj versusAwv for v;=2, j;=9 andE
=105 atomic units. The frequencyratio for this caseis o,/ w;
~4 andthereis strongcorrelationbetweenAj and A v.
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units. The ratio of vibrational frequencyto rotational fre-
quencyis approximatelyequalto 4.5 for this case.Because
this rotationallevel is unableto satisfy condition (7) thereis
no correlationbetweerAvandAj. Whenj=9, however the
ratio of vibrational frequencyto rotationalfrequencyis ap-
proximately equalto 4 and thereis strong correlation be-
tweenAv and Aj. This is shownin Fig. 3 along with the
straightline correspondindgo Aj=—4Aw.

The correlation betweenAwv and Aj will persistin the
quantum-mechanicatalculationswhen thereis enoughen-
emgy thatthe quasiresonarthanneis open.The conservation
of action thereforeprovidesa qualitative understandingpf
the mechanisnmunderlyingthe high-orderpotentialcoupling
that governspredissociationThe momentumgap argument
is alsoexplainedby the classicalanalysis Equations(6) and
(7) yield

oH  oH )
A= Avt —rAj=hoAvtfioAj~0

(8)
which is the conditionthat the internalenepgy of the diatom
is approximatelyconstant,or equivalently that the momen-
tum gapis assmall as possible.

QRVR enepy transferin atom-diatomcollisions at high
enepgieshasbeendescribedasa seriesof collisionetteq 25.
Eachcollisionetteresemblesa separatecollision that occurs
when the rapidly rotating diatom is stretchedto its outer
turning point andis nearly collinearwith the atom.Because
themoleculesarefully stretchedgollisionettescanoccurfor
large impact parametersand produce large cross sections
[25]. In betweeneachcollisionette,however the interaction
potentialdecreaseby severalordersof magnitude We have
shown[14] thatthe collisionettepictureneedgo be modified
in the T—0 limit. The distinct collisionettesarereplacedby
a strongmodulationof the interactionpotentialat the char
acteristicfrequencyof the quasiresonartransition.Whereas
the high-orderpotentialcouplingdescriptionis very compli-
catedanddifficult to understandthe modulationof thetime-
dependenpotential providesa simplified picture of the dy-
namics.The interactionpotentialalternatesetweenpositive
and negativevalues and often binds the atom and diatom
togetherfor severalsuccessivesubcollisions.Figure 4 illus-
trates such a long-time classicalcollision. The number of
subcollisionsdependson the choice of initial conditions.
Sinceeachsubcollisionfollows the quasiresonantule sepa-
rately the entire collision processdoes not dependon the
initial conditionsandthereforeobeysthe quasiresonantule.

I11. RESULTS

Figures5 and 6 show zero-temperaturguenchingrate
coefficientsasa function of initial vibrationalandrotational
quantumnumbersv andj. It wasshownpreviously[14] that
rotationaldistributionslike thoseshownin Figs.5 and6 had
classicalanalogsthat were a direct result of the correlation
betweenAwv and Aj describedabove.A major difference,
however betweenthe classicaland quantum calculations
arisesat ultracold temperaturedecausat is not possibleto
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FIG. 4. A plot of the interaction potential versustime. The
modulationoccursat the characteristidrequencyof the quasireso-
nant transition. Sevensubcollisionsare containedwithin the total
collision for this plot. Becauseeachsubcollisionseparatelyobeys
the quasiresonantule, the total collision preserveghe correlation
betweenAj andAv.

have fractional changesin v andj. Thereforemany of the
quasiresonanthannelsare closed.Furthermorewhenquan-
tum transitions are enegetically barely allowed, they are
subjectto thresholdbehavior The thresholdstructurein the
rate coefficientswill have a strong effect on the lifetimes.
Usingtheresultsof Figs.5 and6, we computedoredissocia-
tion lifetimes for severalvibrationallevelsasa function of j.
The resultsfor v=0 andv=2 areshownin Fig. 7. For each
of the calculationsthe scatteringengthapproximatiorgiven
by Eg. (4) wasusedto computethe lifetimes. The effect of
quasiresonanmlynamicscan be seenwhen7<j<12 and 20
<j<25. When j=12 thereis a sharpdecreaséan both the

v=0 andv=2 lifetimes. This is dueto strongquasiresonant
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FIG. 5. Quantum-mechanicalcalculations of the zero-
temperatureate coefficientsfor “He+H,(v,j) as a function of the
initial vibrationaland rotationalquantumnumbersv andj.
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FIG. 6. Quantum-mechanicalcalculations of the zero-
temperaturaate coefficientsfor “He+H,(v,j) as a function of the
initial vibrational androtationalquantumnumbersv andj.

Av=1, Aj=—4 transitions(see Fig. 5). The v=2 curve
showsa similar structurewhen j=7 which is due to the
Av=—1, Aj=4 quasiresonantransition.This symmetryis

missingin the v=0 curvesinceAv= —1 transitionsare not
allowed. The v=2 curve showsa secondsymmetricstruc-
ture centeredaboutj=22. This structureis dueto the qua-
siresonanlv=—1,Aj=2 andAv=1, Aj= — 2 transitions
thatareenepetically allowedwhenj=21 andj=23 but are
forbiddenwhen j=22. The v=0 curve showsa sharpde-
creasewhen j=24 due to the openingof the Av=1, Aj

= —2 quasiresonanthannel.As before,the v=0 curveis

asymmetricdue to inaccessibleAv=—1 transitions.The
predissociatiorifetimes for othervibrationallevelsarevery
similar to the onesshown for v=2. Generally the largest

FIG. 7. Quantum-mechanicalalculationsof the predissociation
lifetimes for “He--- Hy(v,j) as a function of the initial rotational
guantumnumberj.
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lifetimes occurfor quasiresonanthannelshat are enegeti-
cally closed.

In the vicinity of a threshold,the classicalmechanicsno
longerappliesandit is desirableto find a simple description
that is fully quantum mechanical. Because perturbation
theoryfailed for bound-freetransitions,we expectthe same
to be true for free-freetransitions.Neverthelessthe sudden
decreasean the zero-temperaturguenchingrate coefficient
at valuesof j nearthresholds(e.g., the sharpv=13 feature
shownin Fig. 5) may be understoodjualitatively by consid-
ering the Born approximationfor the inelasticKk-matrix ele-
ment,

N .
Kif:_? klkaO J,i(kir)V(r)J,j_(kfl’)rzdr, (9)

wherek; andk; arethe respectivevave numbersand!l; and
Iy are the respectiveorbital angularmomentain the initial

andfinal channelsFor a short-rangepotential,the spherical
Besselfunctionsin theintegrandof Eq. (9) may be expanded
in a power series.The K-matrix elementthen behavesas
o(k' "™ with 1;=0 for ultracold collisions. The
zero-temperatureate coefficientsare independentf k; and
the discussionof thresholdbehavioris given in terms of

ky. Forly=2 and! = =4, the respectiveK-matrix elements
van|shask5’2 andk;’ for smallk;. The inelasticscattering
crosssectlonsthereforevan|shask5 andk9 for smallk;, and
we seesharpdecreased the zero temperatureate coeffi-

cientsnearthe thresholdgor forbiddentransitions.

The exactk; dependencef the cross sectionsmay be
modified for systemsthat possessa significant long-range
potential. For a van der Waals potential of the form V(r)
=C/r®, theintegral (9) may be performedanalytically The
resultis

pnC 2y (I +1—4)!

Kir=—%z 2L+ 1)1 21+ 1)! [i(k+kp)]773

i+ 1/ g 12
k' Tk

X f o| i+ 1=35 i+ 1)+ 121
242 2K 2 10
Fo2 ki+ ks kit Ky (19

whereF, is the generalizechypegeometricfunction defined
by Appell [26]. The right-hand side of Eg. (10) diverges
whenl;+1;<3 dueto the singularity of the potentialat the
origin. When the full potentialis takeninto account,this
unphysicalsingularityis removedand the K-matrix element
is unchangedrom the O(k;“ %! * ) behaviorthatis due
to the short-ranggpartof the potential. The right-handsideof

Eqg. (10) is well behavedwhen I;+1;>3 and provides a
modificationof the K-matrix elementwhenk; is small. For
the interestingquasiresonantasel; =0, I;=4, and k; <k,

Eq. (10) reduceso
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C 2i
,f:%z- orr 2F1(15102k K] T 1+ O(K; Ikp)].

11

Equation(11) showsthat the K-matrix elementvanishesas
k{”? for small k; [note that the hypegeometric function

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

real]. Theinelasticscatteringcrosssectionthereforevanishes
as k} for small ks, andwe seethat the effect of the long-

rangeinteractionis to removetwo powersof k; from the

thresholdbehaviorproducedby the short-rangepart of the

potential.Equation(11) agreeswith the resultof Nesbef27]

when u=1 for electron scattering. For ultracold atom-
diatomcollisions, u=k}/2(e;— €;) + O(k7), wheree; andeg

are the respectivediatomic enegies in the initial and final

channels.Thereforethe zero-temperatureate coefficientis

given by

) k(fv‘g, 1t
lim Rvj—ru’j’(T)z uzel (12)

T—0

=0(k}).

The actual momentum dependence of the zero-
temperaturerate coefficient near thresholdwill dependon
the anisotropyof the potentialenegy surface.lf the anisot-
ropy is weak, thenthe coefficientC in Eq. (11) will be very
small or could even be zero. In order to determinethe
k;-momentumdependenceof the Aj=—4Av rate coeffi-
cients for He-H,, we studied the v=1, j=7 and v=3,
Jj=T17 thresholdregionshby smoothlyvarying the massof the
heliumatom.Thisis equivalento varyingkf in thelimit that
ki—0. The resultsaregivenin Figs. 8 and9. For the initial
v=1, j=7 statewe find that the zero-temperatureate coef-
ficients behavelike k9 for small ky. The good agreement
betweenthis fit and the exactcurve whenky is lessthan 2
A1 indicatesthat the long-rangepart of the potentialhasa
stronginfluenceon the thresholdbehavior For the initial »
=3, j=7 state,we find that the zero-temperatureate coef-
ficientsalsobehavelike k3 for smallky, butthatit is neces-
saryto includean addltlonaIO(kll) termin orderto obtain
goodagreementvith the exactcurve Thereforewe conclude
thatthelong-rangepart of the potentialhasa weakinfluence
on the thresholdbehaviorfor this case.

Figures8 and 9 also showthat a sharpspike appearsn
the rate coefficientswhenthe reducedmassu sweepdelow
1.2 amu. This spike occurswhen the most weakly bound
stateof the van der Waalscomplexapproachegeroenenpy.
Theseso-calledzero-enggy resonancetavea stronginflu-
enceon both the elastic and inelastic scatteringcross sec-
tions. Using the asymptoticanalysisdevelopedpreviously
[13] we may showthat the function

ﬁu,

UJ

fv](:u) =

022706-5
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FIG. 8. Quantum-mechanical calculation of the zero-

temperaturerate coefficientfor initial v=1, j=7 makinga Aj=

—4Aw transition(solid curve). The total quenchingrate coefficient
(dottedcurve) decaysexponentiallywith increasingk; on the left
sideof the zero-eneagy resonanceThe Aj= —4Awv transitionis the
dominanttransitionwhenk; is greaterthanthe positionof the reso-
nanceandthe Aj= —2, Av=0 transitionis the dominanttransition
whenk; is smallerthanthe positionof the resonanceAlso shownis
a fit (dashedcurve which is proportionalto k9 in agreementvith

Eq. (12).

is analyticin the vicinity of the zero-enegy resonanceThis
was conflrmed by numericaltests which showedthat «,;
“(u—mo) ' and Bc(u—me) 2 for u near P
=1.16amu.

An interestingobservatiormay be madefrom Figs. 8 and
9 regardingthe nearly linear behavior (on the logarithmic
scalg of the total quenchingrate coefficienton the left side
of the zero-enggy resonanceOn the left side of the reso-
nance,the total quenchingrate coefficientis dominatedby
theAj=—2, Av=0 transition.The enegy gapfor this tran-
sition producesa k; value that is much larger than those
shown on the horizontal axis of the figure (the k; values
shown on the figure are for the Aj=—4Av enegy gap.
Figures8 and 9 showthatwhenthe quasiresonartransition
is on the thresholdof closing, the dominantquenchingrate
coefficienttendsto follow an exponentialdependencevith
the momentumgap. Becausehe total quenchingrate coeffi-
cientat zerotemperaturas inverselyrelatedto the predisso-
ciation lifetime of the mostweakly boundstate[seeEq. (2)],
this analysiswould predictan exponentiadependencen the
momentumgap for predissociation.This is in agreement
with the well-known “‘exponential momentum gap law”
which may be derivedusing Eqg. (1) andis a consequencef
the Franck-Condonoverlap betweenthe vibrational wave
function of the bound complex and the continuum wave
function of the fragments[18,19. The exponentialgap law
assumesghat the transitionis the result of a direct process.
Ontheright sideof the zero-enagy resonancehoweverit is
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FIG. 9. Quantum-mechanical calculation of the zero-
temperaturerate coefficient for initial v=3, j=7 making a Aj

= —4Av transition (solid curve. The total quenchingrate coeffi-
cient (dottedcurve) decaysexponentiallywith increasingk; on the
left sideof the zero-enggy resonancavhereAj=—2, Av=0 tran-
sitionsare dominant.Also shownarefit 1 (dashedcurve andfit 2
(long dashedcurve WhICh are proportionalto k9 An additional
term proportionalto k hasbeenincludedin fit 2

the quasiresonaniA j= —4Awv transition that is dominant.
The predissociationlifetimes may be obtainedfrom these
rate coefficientsusing Eq. (2) as above.In this case,how-

ever the predissociationifetimes do not exhibit exponential
dependencen the momentumgap becauseof the impor

tanceof the indirect contributions.

IV. CONCLUSION

It hasbeenknown for sometime [17-21] that a balance
exists betweenmomentumgap and nearresonanteffects in
the vibrational predissociatiorof weakly bound complexes.
It hasalsobeenshownthat high-orderindirect potentialcou-
plings must be influencing the predissociatio{21]. In the
presentwork, we consideredhe specialcasewherethe van
derWaalsmoleculeis comprisedof a vibratingdiatomthatis
alsoin a stateof high rotation.For this case we showedthat
the processof predissociationfor the most weakly bound
stateof a van der Waalscomplexis controlledby the same
quasiresonarttansferof enegy thatis foundin atom-diatom
collisions wheneverthe quasiresonanthannelis enepeti-
cally open.The conservatiorof classicalaction providesan
understandingf the mechanismunderlying the high-order
potentialcoupling. This is consistenwith the view [28] that
underlying the quantum-mechanicatom-moleculescatter
ing is ““a coarsergraining rootedin the classicalmechanics
of the collision.” The lifetimes are also strongly influenced
by the proximity of closedchannelthresholdsWe studied
the analytic structureof the thresholdbehaviorand made
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predictionsthat may be experimentallytestedwith the useof

trappedmolecules Sincethe effective rangetheorythat was
usedto relatethe collisional rate coefficientsto the predisso-
ciation lifetimes appliesonly to weakly boundstates;t will

be interestingto seewhetherquasiresonanipehavioris also
foundin the more deeplyboundstatesof the van der Waals
complex.We leavethis asa subjectfor future investigation.
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