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Cooling and trapping of molecules in highly excited rotational states
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Collisional relaxationof highly rotating hydrogenmoleculess investigatedasa function of energy.Calcu-
lations demonstratehat inelastic collisions are dramatically suppressedor specific rotationallevels of the
moleculeasthe energyis lowereddue to the closing of quasiresonantotation-vibrationchannelslt is pre-
dictedthata 3He buffer gasmay be usedto load thesehighly excitedmoleculesinto a trapwithout a significant
loss of population.lt is further predictedthat evaporativecooling may be usedto cool the “super rotors” to

evenlower temperatures.
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Recentexperimentalschemeq1,2] have beenreported
that producediatomicmoleculesin very highly excitedrota-
tional levels. Theseso-called‘super rotors” may be pro-
ducedoveradistributionof rotationallevels[1] or in asingle
selectedrotational level [2]. The collisional propertiesof
such moleculesare expectedto be very interestingat low
temperature$2-4]. In the caseof H,, the ultracold colli-
sionaldynamicsof suchhighly rotating moleculesproduces
remarkablestructurein the distribution of the total quench-
ing rate coefficientversusthe rotationallevel. For example,
thereis a five order of magnitudedecreaseén the rate coef-
ficient for the 22nd rotational level comparedto the sur-
roundinglevels[3]. This striking effectis dueto the closing
of aclassicallyquasiresonanthannel.The effectis believed
to begeneralo anyatom-diatonmsysteni 3], however,it will
be most pronouncedor light diatomswhosemomentof in-
ertia is small. The behavior may allow an experimental
schemeo be developedor translationallycooling andtrap-
ping molecularsuperrotors.

Buffer gascooling hasbecomea standardtechniquefor
loading paramagneti@atomsand moleculesinto a magnetic
trap [5]. The samecooling mechanismnamely the elastic
collisionswith a cryogenicallycooled3He buffer gas,could
alsobeusedto cool moleculessuchasH, thatdo not possess
a permanentmagnetic dipole moment. Collisional experi-
mentscould be performedby passinga beamof hot H, mol-
eculesthrougha buffer gascell [6]. Trappingthe molecules
would be more difficult. One possibility would be to usea
nonresonantlectricfield asthe trap. If the intensity of the
field canbe madelarge enoughto compensatdor the small
polarizability, thenthe highly rotatingmoleculeswould cor-
relatewith high-field seekingpendularstateq 7] andbe con-
fined by an electric-fieldmaximumin free space.The feasi-
bility of any cooling or trapping schemewill ultimately
dependon the collisional relaxationratesof the highly rotat-
ing molecules.

The term “super rotor” was previouslyintroduced[2] to
describe diatomic moleculesin highly excited rotational
states At ordinary temperaturesthesemoleculesrelax with
greatefficiency and may provide competitionfor the spin-
ning up processthat createdthem[4]. In the presentwork,
we investigatethe possibility for producingsuperrotorsthat
do not relax as a result of collisions. The ideais to usea
highly rotating diatomic moleculewhoserotationallevel is
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characteristioof a quasiresonantransition, but whosetem-
peratureis cold enoughthat the classically quasiresonant
channelis closed.The efficiency of collisional relaxationis
thenreducedoy manyordersof magnitudecomparedo “or-
dinary” highly rotating molecules.If the decreasen relax-
ation efficiencyoccurssharplyat a high enoughtemperature
(e.g.,above240 mK for 3He), thenit shouldbe possibleto
usea buffer gasto cool the superrotorsandloadtheminto a
trap without a significantlossin population.

The collisionsthat are consideredn this work are atom-
diatom and diatom-diatom,where the atomis *He and the
diatomis H, in a highly excitedrotationallevel. The calcu-
lations of atom-diatomcollisions are neededto determine
whethera ®He buffer gascanbe usedto cool the superrotors
to the point wherethey becomestableagainstcollisions. The
calculationsof diatom-diatomcollisionsareneededo deter-
mine whetherevaporativecooling could be usedto further
cool the moleculesassumingthey have beentrapped.All
resultsdescribedn this work wereobtainedfrom fully quan-
tum mechanicakalculationsusing the generalpurposescat-
tering programmMOLSCAT [8].

Figure 1 showsthe productof the crosssectionand the
relative velocity for *He+H, collisions as a function of the
initial kinetic energy.The uppersetof curvesis for elastic
collisions and the lower setis for the sum of all possible
inelastic collisions. The moleculeis initially in the statev
=2, j=22,wherev andj aretherespectivevibrationaland
rotational quantumnumbers.Convergencetests were per-
formed by using a sufficiently large rovibrational basis set
andvaryingthetotal angular-momenturgquantumnumberd.
Good convergencés obtainedfor all of the energiesshown
whend is summedfrom 20 to 24. Similar convergenceat-
ternswere found for otherinitial statesof the molecule.Al-
though the resultshave not beenthermally averagedit is
clear that the rate coefficientsfor elasticand inelastic scat-
tering of the v=2, j=22 statewill be in the vicinity of
10 1% em?s tand10 6 em?s %, respectively.

Figure 2 showsthe ratio of inelasticto elasticcrosssec-
tions for 3He+H, collisions as a function of the initial ki-
netic energy.Comparedo surroundingrotationallevels,the
ratiosfor thej=22 level aredramaticallyreducedat energies
below 10 cm™L. This is due to the closing of classically
quasiresonank j= — 2Av channelsastheenergyis lowered.
The relaxationefficiency dropsby 5-6 ordersof magnitude
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FIG. 1. Convergenceestsfor 3He+ H, collisionsasa function
of kinetic energy.The uppersetof curvesis for elasticcollisions
andthe lower setis for the sumof all possibleinelasticcollisions.
The moleculeis initially in the stateof v =2, j=22. Good conver-
genceis obtainedwhen the total angularmomentumJ is summed
from 20 to 24.

for amoleculein thej=22 state At this point the superrotor
becomestableagainstcollision. The effect occurssharplyin
an energyrange(10-200 cm %) that is larger than the 240
mK temperaturelimit achievableusing a 3He buffer gas.
Therefore,it shouldbe possibleto usethe buffer gascolli-
sionsto cool the j=22 superrotorsandload theminto a trap
without a significantlossin population.

Becausecold j=22 super rotors cannot efficiently ex-
changevibrational energy, it is sufficient to approximate
themasrigid rotors when consideringdiatom-diatomcolli-
sions.Evenwithin therigid rotor approximationjt becomes
impracticalto performfull quantummechanicakalculations
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FIG. 2. Ratioof inelasticcrosssectionfor 3He+H, collisionsas
a function of kinetic energy.The ratios for j=22 are dramatically
reducedwhenthe classicallyquasiresonanitation-vibrationchan-
nelsareclosed.This occursat energiesbetween10 and 200 cm™,
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FIG. 3. Energy dependencef the rotational relaxation cross
sectionfor Hy(j=2)+H,(j=2). The solid curveis for onediatom
makinga A j= — 2 transition,andthe dashecturveis for both dia-
toms making a Aj=—2 transition. The circles are obtainedfrom
the calculationsof Green[9] using detailedbalance.

for large valuesof j. Figure 3 showsthe relaxationcross
sectionfor Hy(j=2)+H,(j=2) as a function of transla-
tional kinetic energy.The solid curveis for onediatommak-
ing a Aj=—2 transition,and the dashedcurve is for both
diatomsmaking a Aj= —2 transition. The circles are ob-
tainedfrom calculationsof Green[9] usingdetailedbalance.
The hump that occursin both curvesjust abovel cm™?! is
dueto the presenceof the van der Waalswell, which accel-
eratesthe moleculesinto the interactionregionwhenthe ki-
netic energyis lessthan the depthof the well [10]. Below
10 2 em ! the s-wavecontributionsdominatethe crosssec-
tion asthe Wigner thresholdregionis approached.

Figure4 showsthe realandimaginarycomponent®f the
complexscatteringengthfor Hy(j;) +Hy(j,) collisionsasa
function of j=j,=j,. The real part of the scatteringlength
(shown by the trianglesfor j=2,4,6,8 is a measureof the
zerotemperatureelasticscatteringcrosssection.The imagi-
nary part of the scatteringlength is a measureof the total
inelasticrate coefficientat zerotemperatureln thesecalcu-
lations, it wasassumedhatthe diatomswere polarizedsuch
thatthetotal angular-momenturquantumnumberis equalto
j1it+]ja- Figure 4 shows that the imaginary componentis
dominatedby the Aj; = —2, Aj,=0 transition.Becausdhe
computationakffort scalesasthe 12th power of the highest
rotationallevel includedin the basisset[9], it is impractical
to perform calculationsfor high valuesof j. However,rea-
sonableestimategnay be obtainedusing an exponentialen-
ergy gapfit [11]. Figure 4 showsthat the imaginarypart of
the scatteringengthis completelynegligiblefor largevalues
of j. This suggestshatit shouldbe possibleto evaporatively
cool a sampleof trappedsuperrotorswithout significantloss
dueto relaxation.

Adiabatic invariance provides a theoreticaljustification
for the predictionsdescribedhere.If the phasespaceof the
atom-diatomsystemcontainslarge isolated nonlinearreso-

051403-2



COOLING AND TRAPPING OF MOLECULESIN HIGHLY ...

10° "
A A A
1wl 4 ® Aj,=-2, Aj,=0
B Aj=-2, Aj,=-2
— ) & Aj,=—4, Aj,=0
g 10 A Aj,=0, Aj,=0
g energy gap fit
17 _4
o 10
C
s
oy _
5 10°
c
o
2 10°
)
b
g 107"
107"
10_14 L L L L L L L L L L L L
0 2 4 6 8 10 12 14 16 18 20 22 24 26

=)z
FIG. 4. Realandimaginarycomponent®f the complexscatter-
ing length for H,(j1) +H,(j,) collisions as a function of initial
rotationalquantumnumber.Theimaginarypartis dominatedoy the
Aj,=—2, Aj,=0 transitionandmay be extrapolatedisingan ex-

ponentialenergygap fit. The real part (triangles decreasewvery
slowly with increasingrotation.

nances.then the classicaltrajectorieswill be governedby
very strong propensityrules[12,13 (e.g.,Aj=—2Av dis-
cussedabove. Thesepropensityrules typically hold well
beyondthe point of resonantotation-vibrationenergytrans-
fer, producingcrosssectionsthat are very large and specific
[13]. If the dominantquasiresonanthannelis energetically
closedfor a particular rotation level, then there will be a
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strong suppressiorof the total quenchingcrosssectionfor
this level comparedo neighboringlevels.

The correlationbetweenAj andAv thatis foundin qua-
siresonantlassicaltrajectoriesat ordinarytemperature§13]
is alsofound at ultracold temperature$3]. However,in the
ultracold case the magnitudesof Aj andAv aresmallfrac-
tions that can neverbe achievedwith quantizedvaluesof v
andj. Neverthelessthe quantum-mechanicalrosssections
are extremelyspecificand efficient when the quasiresonant
channelsare open, and the total quenchingcrosssectionis
strongly suppressedvhen the quasiresonanthannelsare
closed.This is consistenwith the ideathat classicaltrajec-
toriesprovidea coarse-grainingnechanisnmhatmaybe used
togetherwith energyand angular-momentunconstraintsto
describethe atom-diatomcollisions[14].

It shouldbe notedthat potential energysurfacesare not
generallydesignedfor ultracold interactions.However,cal-
culationsthat employ approximatesurfaceswill still be reli-
ablewhenthe collision preserveshe adiabaticityof the total
classicalaction.This meanghattheinteractioncannotbetoo
strongly impulsive. Most atomic and molecularinteractions
satisfythis criterion. Furthermorethe ratio of realto imagi-
nary partof the complexscatteringengthprovidesa dimen-
sionlessparametethat is lesssensitiveto the detailsof the
potential energy surface than the individual state-to-state
crosssectionslt is this parametethat ultimately determines
whetherevaporativecooling is possible,andin the caseof
H, superrotors, it is favorable.
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