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Rotational relaxation in ultracold CO+He collisions
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Cold and ultracold collisions involving rotationally hot CO moleculesare investigatedusing quantumme-
chanicalcoupledchannel,coupledstates,and effective potential scatteringformulations.Quenchingrate co-
efficientsare given for initial rotationallevels nearthe dissociationthreshold.The stability of the CO “super
rotors” againstcollisional decayis comparedo previousinvestigationsnvolving homonucleamoleculeslt is
foundthatquasiresonartansitionsprovidea significantlystrongercontributionto thetotal relaxationratethan
in the comparablecaseof O,. As in the caseof H,, sharpstructuresn the distributionof total quenchingrate
coefficientsare found at rotationallevelswherequasiresonargcatteringis not allowed.
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I. INTRODUCTION

Experimentakchemedo cool andtrap neutralpolar mol-
eculesusingatime-varyingelectricfield havebeenproposed
[1,2] andrecentlyrealized[3]. Meijer and co-workershave
appliedthe so-calledStark deceleratorto slow down meta-
stableCO moleculeg1]. Schemedo producediatomicmol-
eculesin highly excitedrotationalstateshavealsobeenpro-
posed[4,5] and recently realized [6]. Theoretical studies
have suggestedhat the collisional dynamicsof such rota-
tionally hot moleculeswould be particularly interestingat
low temperatures[7-11]. These studies concentratedon
homonucleardiatomic moleculeswhere it was found that
quasiresonantibration-rotation(QRVR) transitionscontrib-
uted significantly in quenchingthe highly rotationally ex-
cited molecules.Another recentinvestigation showedthat
QRVR transitionshavea neglible effect on the relaxationof
rotationally hot oxygenmoleculesandthat the quenchingis
very efficientfor all rotationallevelsand dominatedby pure
rotational deexcitation[12]. Each of the theoreticalinvesti-
gations[7-12 assumed helium atomcollision partner He-
lium buffer gascooling [13] hasprovento be an effective
techniquefor loading moleculesinto a magnetictrap [14]
and it hasrecently beenshown that the cooling technique
may be appliedto a beamof moleculeq15]. Thereforecol-
lisionsinvolving heliumatomsareof considerablénterestin
ultracold molecularphysics.In this work, we performrelax-
ation studiesfor helium collisionswith CO. We computean
extensiveamountof collisional datathat may be usedas a
point of comparisonto the molecularhydrogenand oxygen
systemsstudied previously and investigatewhetherhetero-
nuclearmoleculesintroduceany interestingvariationsto the
low temperatureollisionaldynamicsseenin rotationallyex-
cited homonucleamolecules.Becauseheteronucleaipolar
moleculeslike CO possessan electric dipole moment,the
radiative decaysignal would containinformation aboutthe
collisions. With the rapid advancesin experimentaltech-
niquesmentionedabove[1-6,13-15 it is possiblethat CO
+He may turn out to be an ideal systemfor experimental
investigations of rotational relaxation in ultracold atom-
diatomcollisions.

Vibrationalrelaxationin ultracold CO+He collisions has
been studied for both isotopesof helium [16-18]. Strong
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resonancewerepredicted 16,17 andtherelativeefficiency
of the processesnvolving exchangeof a double or single
quantumof vibrationalenegy wasstudied[18]. Therehave
alsobeena numberof theoretical[16—20] and experimental
[21,22 investigationsof vibrational relaxationfor this sys-
tem at higher temperaturesExcellent agreementbetween
theoryandexperimenthasbeenestablishedor temperatures
between35 and 1500K. The vibrational relaxationstudies
have consideredvibrational levels as high asv=2 [18] and
rotationallevelsashigh asj=40 [20], wherev andj arethe
vibrational and rotationalquantumnumbersof the CO mol-
ecule.Here, we considerall bound rotationallevels within
the first five vibrational manifolds.At theselow vibrations,
the moleculecansupportrotationallevelsup to j=2300r so
beforedissociating.lt would be hopelesgo attemptto per
form fully quantummechanicatoupledchannelCC) calcu-
lationsat suchlarge valuesof j. Thereforewe will employa
decouplingapproximationto obtainthe desiredlarge§ scat-
tering data.It wasshownin the caseof H, and O, [12] that
both the coupledstategCS) andthe effective potential(EP)
approximationsvere adequatdor obtainingqualitativelyre-
liable crosssectionsin the limit of ultracold collisions. By
qualitativelyreliable,we meanthat the shapeof a crosssec-
tion or ratecoefficientcurveasafunctionof v or j is correct,
eventhoughthe overall magnitudeof the curve may be off
by a small factor [12]. This situationis entirely satisfactory
consideringthat inaccuraciesn the potentialenegy surface
typically introducea comparableamountof error If more
quantitativeaccuracyis desired,t is possibleto renormalize
the distributionsusing the CC results.In this work, we will
againtest the CS and EP approximationsagainstthe more
accurateCC resultsin caseswhereit is possibleto perform
the computationallyintensive CC calculations After deter
mining the accuracyof the decouplingapproximationswe
compute cross sectionsand rate coefficientsfor ultracold
He+CO collisions with initial rotational levels ranging all
the way to dissociation.For a few specialcasesof initial
diatomic states,we extendthe investigationsto include a
rangeof translationaltemperatures.

II. THEORY

The CC, CS, andEP formulationshavebeengiven previ-
ously [23—-2§ sowe provideonly a brief review The atom-
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diatom Hamiltonianin the centerof massframeis given by

1 1
H:_%Vg_zvgw(mv,(r,ae), (1)

wherer is the distancebetweenthe carbonand oxygen at-
oms, R is the distancebetweenthe helium atom and the
centerof massof the molecule,é is the anglebetweery and
R, m is the reducedmassof the molecule,and w is the
reducedmassof the helium atom with respectto the mol-
ecule. The three dimensional potential enegy surface is
separatednto a diatomic potentialv(r) and an interaction
potentialV,(r,R, #). The diatomic Schrédingerequation

{——-—z-v(r)ﬂuj} Xoj(r) =0 (2)

is solvedby expandinghe rovibrationalwavefunction x,;(r)
in a Sturmianbasisset. Eachscatteringformulationthenre-
quiresthe solutionof a setof coupledequationsof the form

d>  I,(I,+1
[@ e, 2MEm} CalR) =2 CoRN Ul ),
3

where E,, is the translationalenegy and I, is the orbital
angularmomentumin the mth channel.For the CC formula-
tion, the index on the channelfunction ¢,, is assumedo
denotesomecombinationof the quantumnumbers(v,j,l),
whereadfor the CS and EP formulations,the index denotes
only (v,j). The reducednteractionpotentialU, is expanded
in Legendrepolynomials,

o

Uy(R,F, 0) = 2uVy(RF,6) = >, U,(R,F)P,(cos6)  (4)
A=0

andthe solutionto Eq. (3) is matchedasymptoticallyto free

wavesto obtainthe scatteringmatrix. The CSandEPformu-

lations assumethat the orbital angular momentumof the

atomis decoupledrom the rotationalangularmomentumof

the diatomduring the collision. At low valuesof j andl, this

assumptionmay not be valid, however the approximation
generallyimprovesasj is increased26]. For a basisset of

rovibrationaleigenstates,;, the respectivematrix elements
of the reducedinteractionpotentialenegy are given by

)‘max
@il j'1y = 2 (= DI+ 1)(2) + D)2+ D)2
A=0

J L jli N
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N j I'J\o 00
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for the CC, CS, and EP formulations.The (---) denotesa
3-j symboland{:--} denotesa 6-j symbol.The CS formu-
lation requiresa set of calculationsfor eachvalue of di-
atomic angular momentumprojection quantumnumber
whereashe EP formulation preaveragesver the projection
statesandis independendf (). The respectiveCC, CS, and
EP crosssectionsare given by [23-26

.z il 2|
Tojoryy = mg 22+ l)’:%‘iﬂ ”%‘_i,l | 350 3 B
B S:J"I;v’j"r' 2v (8)
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T 2B (10
The quantummechanicakcatteringcalculationsverecarried
out for eachof the CC, ER, and CS formulationsusing the
nonreactive scattering program MOLSCAT [27] suitably
adaptedto the presentsystem.The interactionpotentialen-
emgy surfaceof Heijmenet al. [28] wasusedfor all calcula-
tionspresentedn this work. This potentialallowsfor stretch-
ing of the CO bondandis ableto reproducehe boundstate
enepgiesof the He-CO complex.For the diatomicmolecule,
we usedthe extendedRydbeg potential [29] employedby
Balakrishnaret al. [16]. A basissetconsistingof 50 Hermite
polynomialsfor eachrotationalsymmetrywas usedto rep-
resentthe rovibrationalwave functions.For the CS calcula-
tions, we havefound it convenientto restrictthe projection
quantumnumber() to be zero. This allows a considerable
speedupn efficiencywith computationtimes that are com-
parableto the EP calculationsAs in the caseof O, [12] this
procedurewill typically shift the overall magnitudeof the
crosssectionor rate coefficientcurveswithout altering the
shapeor any structurethatthey may contain.It alsodoesnot
introduceany significantloss of accuracybeyondthatwhich
is alreadyintroducedby the decouplingapproximationto
beginwith. We havealsoadoptedhel-labeledvariantof the
CS approximation originally proposedby McGuire and
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Khouri [24] which assumeghat the diagonaleigenvalueof

theorbital anguIarmomenturmperatorf2 is approximatedy
[(I+1) wherel is a conservedquantumnumber The colli-
sionalrate coefficientsmay be obtainedfrom the usualther

XEX[X— Ek/kBT)Ek dEk, (11)

whereT is the temperaturandkg is the Boltzmannconstant.
The total quenchingrate coefficientsR,;(T) are given by

R(T) =2 Ry (T).

U!jl

RU}HU’}’(T) = (SkBT/’TTM)l/Z O-UJHU’J’(ER)

(12)

The sumin Eq. (12) includescontributionsfrom all possible
exit channelsThe total quenchingrate coefficientis anim-

portantquantity in cooling and trapping experiments Any

type of deexcitatiorprocesswill leadto unwantecheatingof

thegasandlimit furthercoolingefforts. In the caseof helium
collisionswith O,, the total quenchingrate coefficientswere
dominatedfor all v and j by pure rotational de-excitation
contributionsj’ =j-2. QRVR transitionswhich typically oc-

cur atinitial j-valueswhererotationalandvibrationalmotion
of the diatom are nearresonanceand are characterizedy

propensityrulesrelating the changein v to the changein j

[30], werefoundto be of inconsequentialmportancefor this

system[12]. By contrast,the enepgetically allowed QRVR

Aj=-2Av transitionsfor He+H, werefoundto dominatethe
purerotationalcontributionsby about5 ordersof magnitude
[9,11]. It is suchcaseswherethe efficiency of rovibrational
transitionsis comparableto or greaterthan pure rotational
deexcitation that we would expectto seeinterestingstruc-
ture in the distribution of total quenchingrate coefficient
with j. This is due not only to the competitivebalancebe-
tweenthe two relaxationpathwayshput alsoto the closingof

QRVR transitionsthat canoccurfor specificj valuesat low

temperatures.

I11. RESULTS

Figurel compareghetotal quenchingatecoefficientsfor
zero-temperatureollisions calculatedwith the CC, EP, and
CS scatteringformulations. The moleculeis initially in the
v=0 levelfor eachcalculationwith the basissetrestrictedto
j—10<j'<j+2 andvp,=1. Theanisotropyof the potential
enegy surfacerequires ;=20 with 40 integrationnodes
for the anglebetweenthe diatomandthe line connectinghe
atomto the centerof massof the diatom. Theseparameters
are twice those usedfor He+0O, [12] which allowed CC
calculationsfor j<40 before becomingintractable.In the
presentcase,the CC calculationsbecome intractable for
Jj>20 and a decouplingapproximationsuch as EP or CS
mustbe usedAs in the caseof He+O,, it appearghatsuch
approximationswill provide estimatesfor large j that are
reliableto within a factor of 2.

Figure 2 showsthe enegy gapsbetweenthe initial and
final rovibrational statesof CO(v=1,j) as a function of j.
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FIG. 1. Total guenchingrate coefficentsfor He+CO(v=0,j) in
the limit of zerotemperatureThe curveswere computedusingthe
CC (solid line), EP (shortdashedine), and CS (long dashedine)
scatteringformulations.For j> 20, the CC calculationsbecomein-
tractableanda decouplingapproximationrsuchasEP or CS mustbe
used.Fromthefigure,it appearshatsuchapproximationsill pro-
vide estimatedor large§ that arereliableto within a factor of 2.

The boxed region on the right shows where Aj=-2Av
QRVR transitionsarelikely to takeplace.Unlike the caseof
0,, thereexistsa positive crossingpoint for the upwardand
downwardcurves.Therealsoexist QRVR Aj=-3Av transi-
tions (leftmostboxedregion) that were absentin the homo-
nuclear O, and H, casesstudied previously The positive
crossingpointsin theboxedregionsrepresenj valueswhere
classicaltrajectory calculationswould generallypredict the
strongestcorrelationbetweenAv and Aj and thereforethe
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FIG. 2. Enegy gapsbetweerinitial andfinal rovibrationalstates
for CO(v=1,j). The boxedregionsshowwhere QRVR transitions
typically occur In both cases,the enegy gap is positive at the
crossingpoint betweerthe two curves.Interestingthresholdbehav-
ior may be expectedfor cold collisions nearthesej values.The
respectiveenegy gapsfor the crossingpoints are 12.8cm™* and
4.2 cm ! for the Aj=—3Av and Aj=—2Av curves.
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FIG. 3. State-to-stateatecoefficientsfor He+CO(v=0,j) in the

limit of zerotemperature!Steps” occur at j valueswherethe vi-
brationally upward QRVR transitionshecomeenepgetically open.

largest and most specific transition efficiency [7,8,30. At
ordinarytemperatureshe small positive enegy gapsdo not
suppresghe efficiency of the QRVR transitionsbecausdhe
moleculecan borrow enegy from the translationalmotion.
At ultracoldtemperatureshowever thesetransitionsare en-
emetically closed.Becauseneighboringj valueshavesmall
negativeenegy gapsthat allow QRVR transitionsto take
place,we shouldexpectto seestructurein the distributionof
rate coefficientsfor the j valuesneara crossingpoint.

The cross sectionshave been obtainedfor v=0-5 and
Jj>100usingthe CSformulation.The calculationswverecon-
verged to within a few percentfor v >0 using basis sets
restrictedto v—1<v’'<wv+1 and j-10<j'<j+10. The
zero-temperatureate coefficientsare shownin Figs.3-5.In
Fig. 3, the state-to-stataate coefficientsare plotted as a
function of j for He+CO(v=0,j) in the limit of zerotem-
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FIG. 4. State-to-stateatecoefficientsfor He+CO(v=1,j) in the

limit of zerotemperature‘Holes” occurat j valueswhere QRVR
transitionsare enegetically closed.
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FIG. 5. Total quenchingatecoefficientsfor He+CO(v , j) in the
limit of zerotemperatureThe curvesare given for v=0,1,2,3,4,5
andareincreasingin orderon the left side of the figure. The struc-
tures are labeled according to the nearest available QRVR
transitions.

perature. The pure rotational deexcitation curves are
smoothlyvarying with an upturn at j valuesneardissocia-
tion. The curves representingrovibrational transitions are
peakedat the j valueswhere vibrationally upward QRVR

transitionsfirst becomeenegetically allowed. Becausethe
efficienciesof rovibrational and pure rotational transitions
are comparablein magnitude,these peakswill appearas
“steps” in the total quenchingrate coefficient distribution.
Similar behaviorwas found in the state-to-stateate coeffi-

cientsfor H, and O,. In the caseof O,, however the effi-

ciency of pure rotational relaxation was too large for the
stepsto be observedin the total quenchingrate coefficient
distribution[12]. Figure 4 showsthe state-to-stateurvesfor

v=1. Therovibrationalcurvesappearto have“holes” at the
j valueswherethe classicallyallowed QRVR transitionsare
enegetically closed(i.e., at the crossingpointsin the boxed
regionsof Fig. 2). The magnitudeof the rovibrational rate
coefficienton eithersideof a holeis comparabléo or greater
thanthat of the pure rotationaldeexcitationrate coefficient.
Therefore,whenall of the possibledeexcitationrate coeffi-

cientsare addedtogethey the distribution of total quenching
rate coefficientswill alsoappearto containthe holes.Figure
5 showsthe total quenchingrate coefficientsasa function of

v andj. Thestepsin thev =0 curveandthe holesin thev >0

curvesare labeledaccordingto their QRVR propensityrule

[30]. The figure showsthatthe holestendto increasdn size
andshift downwardin j aswv is increased.

At j valuesvery closeto dissociationwe find anupturnin
the zero-temperaturetecoefficientswith j (seeFig. 6). This
behaviordiffers from the casesof H, and O, studiedprevi-
ously In orderto makesenseof this result,we speculatghat
theremay be a strongercompetitionbetweerenegy gapand
angularmomentumgapminimizationfor the presensystem.
In previouswork [12], it wasshownthatthe ratecoefficients
followed an exponentialenegy gapfit. Here,we attemptto
fit the numericalCS resultsusing
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FIG. 6. Ratecoefficientsfor Av=0, Aj=-1 transitionsin the
limit of zerotemperatureThe solid lines attemptto fit the data

using a balancebetweenthe enegy and angularmomentumgaps
(seeTablel).

= 1
AE=~-= and Aljjl=-1--3

82

~

SImR(T) ~ ¢, exp(— o) + ¢, exp- Blj?) (13

T—0

with “best-fit” parametergjivenin Tablel. The solid curves
in Fig. 6 showthat this type of balancebetweenthe enegy

and angularmomentumgapscan give qualitativefits to the
data.This situationis not entirely satisfactoryhowever and
we look for otherwaysto analyzethe neardissociationdata.
Onepossibilityis to applythe Born approximationThe Born

approximationmay be usedwhen both the initial and final

translationalenepgiestend to zero. This situationcan occur
for transitionsbetweenstatesthat havea very small enegy

gap.Figure2 showsthatthe enegy gapsfor Aj=-2Av tran-
sitionsarenearzerowhenv=1 andj=230.In this casethe
leading order behavior of the zero-temperatureate coeffi-

cientis given by the Born approximationto be

limR(T) = O((AE)>?).
T—0

(14)

Figure7 showstheratecoefficientsfor Aj=—-2Av transitions
for He+CO(v=1,j) in the limit of zero temperatureThe

TABLE I. Fitting parametergor Av=0, Aj=-1 ratecoefficients
in the limit of zerotemperatureR=c, exp(-aj)+c, exp(-B/j).

v e, (em?s™) e, (em?s™) o B

0 9.80336x 102 6.67083x 1072 0.026638 176777
1 9.15125x 1072 3.08254x 107  0.025021 235517
2 8.32866x 10712  2.54698<10°° 0.023285 322256
3 8.40136x 10712 524745<10°1° 0.022427 340188
4 1.19161x 101 2.54660< 101  0.024494 187721
5 2.16808< 1011  2.51188<10°? 0.028880 80936
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FIG. 7. Rate coefficients for Aj=-2Av transitions for He
+CO(v=1,j) in the limit of zero temperatureThe solid curves
attemptto fit the datato the leadingorderbehaviorpredictedby the
Born approximation.

solid curvesattemptto fit the datato Eq. (14). Apart from
one anomolougdatapoint, it appearshatthe Born approxi-
mationis able to fit the dataasthe enegy gap approaches
zero. The anomolousdatapoint at j=230 is mostlikely the
result of a bound or virtual stateof the three-bodysystem
thatis too closeto zero[31].

The resultspresentedabove have beenrestrictedto the
limit of zerotemperaturelt would be interestingto seehow
the holesin the rate coefficientdistributionsbecomefilled as
the temperaturds increasedTabulationof temperaturele-
pendentrate coefficientsfor all valuesof v and j would
require extensivecomputationaleffort and is not the path
pursuedhere. Instead, we focus our attention on the Aj
=-3Av holethatexistsin the ratecoefficientdistributionfor
v=1 andj betweenl70and174 (seeFig. 5). In orderto see
how this hole in the distribution becomedilled asthe tem-
peratureis increasedjt is necessaryo computecrosssec-
tionsfor alargerangeof translationaknegies.Figures8—10
show the dominantenegy-dependentross sectionsmulti-
plied by collision velocity in orderto providethe dimensions
of a rate coefficient. The curvesin Figs. 8 and9 arefor the
upward and downwardQRVR transitions,whereasthosein
Fig. 10 are for the pure rotationaltransitions.The resonant
structurein the crosssectionsthat is seenin eachcurve oc-
curs at enegy valuesthat are similar to thosefound at low
rotational levels by Balakrishnanet al. [16] using the CC
formulation.The translationaknegy rangefor resonancem
weakly interactingatom-diatomsystems,such as thosein-
volving helium, is not strongly affected by the internal di-
atomic state,so it is typical for thesesystemsto possessa
large numberof resonancethat are eachassociatedvith the
sameorbital angularmomentum[32]. Figure 8 showsthat
the j=170 curve extendsall the way to ultracold enegies.
Likewise, the j=174 curvein Fig. 9 is nonzerofor the low
eneqgy limit. The approximateenegieswherethe remaining
curvesbecomenonzeroareindicatedin the figures.Thermal
rate coefficientsmay be obtainedby convolutingthe results

032709-5



FLORIAN, HOSTER,AND FORREY

10-1‘I T T T T

107 107 107 107 3 y ?
E (cm™)

FIG. 8. Cross sectiontimes collision velocity for He+CO(v
=1,j) asa function of translationalenegy. The crosssectionsare
for Av=-1, Aj=3 transitions.

of Figs.8-10with a Maxwell-Boltzmanndistributionof col-
lision velocitiesasin Eq. (11). The resultsaregivenin Fig.
11 for severaltemperaturesThe T=0.1K curve nearly ap-
proacheghe ultracold T— 0 limit shownin Fig. 5. As tem-
peratureincreasegoward 1 K, the hole in the distribution
beginsto shrink. At T=30 K, the hole hascompletelydisap-
pearedandthe distributionis smoothlyvaryingwith j. These
results suggestthat a buffer gas with a temperatureof
300-500 mK would be sufficientto experimentallytestthe
existenceof suchholesin thedistributionof ratecoefficients.
The presentresults also suggestthat apart from odd-
integer QRVR transitionsthat are allowed in heteronuclear
systemstheredoesnot appeartto be any fundamentatiffer-
encesbetweenhomonuclearand heteronucleadiatomic re-
laxation at ultracold temperatures.Each system studied
showssharpstructurein the state-to-staterosssectionsat j

107" . . . .
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3 -1

ovicm s7)

10™ 10° 10’ 10°
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10°

FIG. 9. Cross sectiontimes collision velocity for He+CO(v
=1,j) asa function of translationalenegy. The crosssectionsare
for Av=1, Aj=-3 transitions.
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FIG. 10. Crosssectiontimes collision velocity for He+CO(v
=1,j) asa function of translationalenegy. The crosssectionsare
for Av=0, Aj=-1 transitions.

values where quasiresonantscattering is not allowed.
Whetheror not this structureappearsn the total relaxation
rate dependson the relative efficiency of the rovibrational
and pure rotational deexcitation.For ultracold He+0O,, the
purerotationaltransitionsare alwaysdominant,whereashe
total relaxationratesfor ultracold helium collisionswith H,
and CO are strongly influencedby the rovibrationaltransi-
tions. One important difference betweenhomonuclearand
heteronucleasystemsis that heteronucleapolar molecules
possessan electric dipole moment. The emitted radiation
from such moleculeswould contain information about the
collisions.Thereforejt shouldbe possibleto seeevidenceof
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FIG. 11. Thermal rate coefficientsfor He+CO(v=1,j) as a
function of temperaturendthe five rotationallevelsshownin Figs.
8-10. Therate coefficientsinclude deexcitatiorto all possiblefinal
statesof CO. WhenT> 10K, the Aj=-3Av transitionsare domi-
nant for all five rotational levels. As the temperatures reduced
below1 K, theseQRVR transitionshecomeenepgetically closedfor
j=171-173 and the distribution of rate coefficientsbeginsto ap-
proachthe limiting ultracoldresult.
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QRVR transitionsandthe associateg-dependenstructurein
the emissionspectrum[33] for thesesystems.

IV. CONCLUSIONS

We haveinvestigatedtold andultracoldcollisionsinvolv-
ing rotationallyexcitedCO moleculesusingCC, CS,andEP
scatteringformulations.Like in the casesf H, andO, stud-
ied previously[12], the decouplingapproximationsgyield re-
sults that appearto be qualitatively correctas a function of
the initial j level whenj is larger than 20 or so. It is these
large j valueswherethe numerically exact CC methodbe-
comestoo slow to be of any practicaluse.In caseswhere
comparisonscan be made, the decouplingapproximations
werefoundto be quantitativelyaccurateo within anoverall
factorof 2, which is acceptableonsideringhe lossof accu-
racy introducedby a typical potentialenegy surfacewhen
appliedto ultracold collisions. More importantly the calcu-
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lationsrevealthe presencef significantrovibrationaltransi-
tions arising from QRVR enegy transfer Thesetransitions
give rise to sharpstructurein the total quenchingrate coef-
ficientsasa function of j. WhenQRVR transitionsare ener

getically closed,the structureappearsasa “hole” in the dis-
tribution of rate coefficients. The holes in the zero-
temperaturaistributionswerefoundto persistall theway up
to temperatureshat are typical of buffer gascooling (e.g.,
300-500 mK). Therefore,it shouldbe possibleto perform
experimentaltestsof QRVR enegy transferusing a buffer

gas setup[13] without the needfor magnetictrapping. A

polar moleculesuchas CO would be an ideal candidateto

performsuchmeasurementdueto the strongsignal arising
from the radiatingelectricdipole moment.

ACKNOWLEDGMENTS

This work was funded by the National ScienceFounda-
tion, GrantNos. PHY-0331073and PHY-0244066.

[1] H. L. Bethlem,G. Berden,andG. Meijer, Phys.Rev Lett. 83,
1558(1999.
[2] 3. A. Maddi, T. P. Dinneen,andH. Gould, Phys.Rev A 60,
3882(1999.
[3] H. L. Bethlem, G. Berden, A. J. A. van Roij, £ M. H.
CrompvoetsandG. Meijer, Phys.Rev Lett. 84, 5744(2000);
H. L. Bethlem, G. Berden, F. M. H. Crompvoets,R. T.
Jongma,A. J. A. van Roij, and G. Meijer, Nature (London)
406, 491 (2000.
[4] 3. Karczmarek,J. Wright, P. Corkum, and M. Ivanov, Phys.
Rev Lett. 82, 3420(1999.
[5] 3. Li, J. T. Bahns,and W. C. Stwalley, J. Chem.Phys. 112,
6255(2000.
[6] D. M. Villeneuve,S. A. Aseyev,P. Dietrich, M. SpannerM. Y.
Ivanov, andP. B. Corkum,Phys.Rev Lett. 85, 542 (2000.
[7] R. C. Forrey,N. BalakrishnanA. Dalgarno,M. Haggerty,and
E. J. Heller, Phys.Rev Lett. 82, 2657(1999.
[8] R. C. Forrey,N. BalakrishnanA. Dalgarno,M. Haggerty,and
E. J. Heller, Phys.Rev A 64, 022706(2001).
[9] R. C. Forrey,Phys.Rev A 63, 051403(2001).
[10] A. J. McCaffery, J. Chem.Phys. 113, 10947(2000.
[11] R. C. Forrey,Phys.Rev A 66, 023411 (2002.
[12] K. Tilford, M. Hoster,P. Florian,andR. C. Forrey,Phys.Rev
A 69, 052705(2004).
[13] 3. M. Doyle, B. Friedrich,J. Kim, andD. PattersonPhys.Rev
A 52, R2515(1995.
[14] J.D. Weinstein,R. deCarvalho;T. Guillet, B. Friedrich,andJ.
M. Doyle, Nature(London) 395, 148(1998.
[15] D. Egorov, T. Lahaye,W. Schollkopf,B. Friedrich,andJ. M.
Doyle, Phys.Rev. A 66, 043401(2002.
[16] N. Balakrishnan,A. Dalgarno,and R. C. Forrey, J. Chem.
Phys. 113, 621 (2000.
[17] C. Zhu, N. Balakrishnan,and A. Dalgarno,J. Chem. Phys.
115, 1335(2002.
[18] E. Bodo,F. A. Gianturco,andA. Dalgarno,Chem.Phys.Lett.

353, 127 (2002.

[19] J. P. Reid, C. J. S. M. Simpson,and H. M. Quiney, Chem.
Phys.Lett. 246, 562(1995; J. Chem.Phys. 107, 9929(1997);
J.P.ReidandC. J.S. M. SimpsonChem.Phys.Lett. 280, 367
(1997).

[20] R. V. Krems,J. Chem.Phys. 116, 4517(2002; J. Chem.Phys.
116, 4525(2002.

[21] J. P. Reid, C. J. S. M. Simpson,H. M. Quiney, and J. M.
Hutson,J. Chem.Phys. 103, 2528(1995.

[22] G. J. Wilson, M. L. Turnidge,A. S. Solodukhin,andC. J. S.
M. Simpson,Chem.Phys.Lett. 207, 521 (1993.

[23] A. M. ArthursandA. Dalgarno,Proc.R. Soc.London,Ser A
256, 540 (1963.

[24] P. McGuire andD. J. Kouri, J. Chem.Phys. 60, 2488(1974);
P. McGuire, ibid. 62, 525 (1975.

[25] R. T. Pack,J. Chem.Phys. 60, 633 (1974).

[26] H. Rabitz,J. Chem.Phys. 57, 1718(1972; G. Zarur and H.
Rabitz,ibid. 59, 943 (1973.

[27] J. M. Hutsonand S. Green,MOLSCAT computercode, ver-
sion 14 (1994, distributed by Collaborative Computational
ProjectNo. 6 of the Engineeringand Physical SciencesRe-
searchCouncil (UK).

[28] T. G. A. Heijmen,R. Moszynski,P. E. S. Wormer,andA. van
der Avoird, J. Chem.Phys. 107, 9921 (1997).

[29] J. N. Murrel et al., Molecular Potential Energy Functions
(Wiley, New York, 1984).

[30] B. Stewart,P. D. Magill, T. P. Scott, J. Derouard,andD. E.
Pritchard,Phys.Rev Lett. 60, 282 (1988; P. D. Magill, B.
Stewart,N. Smith,andD. E. Pritchard,ibid. 60, 1943(1988.

[31] J. C. Flasherand R. C. Forrey, Phys. Rev. A 65, 032710
(2002.

[32] R. C. Forrey, N. Balakrishnan,V. Kharchenko,and A. Dal-
garno,Phys.Rev A 58, R2645(1998.

[33] R. C. Forrey,Eur. Phys.J.D (2004, DOI 10.1140/epjd/e2004-
00101-8.

032709-7



