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Prospects for cooling and trapping rotationally hot molecules
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Cold collisions involving highly rotationally excited diatomic moleculesare investigated As the transla-
tional enepgy is lowered,the total inelastic crosssectiondecreasesharplyfor specificchannelswhere qua-
siresonantransitionsareno longerenepetically allowed.Ratecoefficientsaregivenfor collisional quenching
of rotationally excitedH,,D,,T,, and O, at zero temperatureThe specific rotational statesthat are stable
againstcollisional relaxationwould be interestingprospectsfor cooling and trapping. The application of
collisional coolingmethodgogethemwith recentlydevelopedschemedor producingrotationallyhot molecules
may allow high densitiesof ultracold‘“‘superrotors’ to be achieved.
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I. INTRODUCTION

Experimentalschemedo producediatomic moleculesin
highly excitedrotationalstateshavebeenproposed1,2] and
recentlyrealized[3]. The resultsof theseexperimentsmay
haveimportantimplicationsfor both gasphaseand surface
physicsand chemistry[3].

Theoreticalcalculationshave revealedinterestingbehav-
ior for the collisional dynamicsof suchrotationallyhot mol-
eculesat low temperature$4—7]. One intriguing result of
the calculationd[6] is the possibility for producingrotation-
ally hot moleculesthat are stableagainstcollisional relax-
ation. Theideais to usemolecularlevelsthatwould undego
a quasiresonanfQR) vibration-rotation (VR) transition at
normal temperaturesAt very low temperaturesthe highly
efficient and specific QRVR transition may becomeclosed
due to enegy conservation.This effectively stabilizesthe
rotationallyhot moleculeagainstcollisional deexcitatiorn 6].
For moleculesthat are also vibrationally excited, the rota-
tional distribution of total quenchingrate coefficientsis
nearly symmetricaboutthe levels where QRVR transitions
are enepetically closed[4]. This is due to highly efficient
enegy transferthatallows vibrationalexcitationand deexci-
tation to occur with nearly equal probability Observations
from the optical centrifugeexperimentd 3] have suggested
that at leastsomeof the highly rotating moleculesare pro-
ducedwithout vibrational excitation. For collisions that in-
volve moleculesin thevibrationalgroundstate therotational
distributionof total quenchingatecoefficientss asymmetric
with respectto levels where QRVR transitionsare closed
becausahe moleculescannotlosevibrationalenegy. In this
work, we provide an extensiveaccountof the rotationaldis-
tributionsfor collisionalquenchingof the lowest-lyingvibra-
tional levels for severaltypes of rotationally excited mol-
ecules.

The collision partnerin eachcalculationis a heliumatom,
however the characteristicbehaviorin the distribution of
rate coefficientsappliesto any weakly interacting system.
For examplewhenheliumis replacedby argon, the shapeof
the rotational distributionsfor the lowest-lying vibrational
quenchingrate coefficientsat zerotemperatures unchanged
[8]. Other rare-gascollision partnershave been used in
QRVR transfer experimentsat ordinary temperatureq9].
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The choiceof helium asa collision partnerat low tempera-
turesis a naturalone consideringthe experimentabprogress
in heliumbuffer gascooling[10] andheliumclusterisolation
spectroscopyl1]. Becausesomeof the rotationallyhot mol-
eculesarestableagainstcollision with otheratomsandmol-
ecules|t is very possiblethattheywould alsobe stableupon
collision with a surface,such as a helium coatedwall or
droplet.If the sticking probabilityis large, thenthe so-called
“super rotors’ would be trappedby the surfacefor many
rotational periods.An analogywith molecularpredissocia-
tion suggeststhat the moleculescould be trappedin this
mannerfor severalmillisecondsor more beforebeinglost to
relaxation[5]. If the sticking probability is low, as in the
Wigner thresholdregime where it approachezero, then it
may also be possibleto use the surfacesas a meansfor
containingthe highly rotatingmolecules.

It hasbeenspeculated6,7] that the quasiresonangffect
shouldbe mostpronouncedor light diatomicsystemslueto
the small momentof inertia. Investigationof helium colli-
sions with hydrogen, deuterium, and tritium molecules
shouldprovideinsightinto the importanceof the momentof
inertiain quasiresonangghenomenaie showthe resultsof
this investigation,and basedon theseresults,we draw con-
clusionsfor other systemssuchasLi, and O,. The depen-
denceof the total inelasticcrosssectionon the anisotropyof
the potential-enagy surfaceis alsostudied We find thatlight
diatomicsystemswith smalllong-rangeanisotropygenerally
allow very stablerotationally excitedstateswvhenthe QRVR
channelsareclosed.This is primarily dueto the exponential
decayof theratecoefficientsfor purerotationaltransitionsas
the enegy gapbetweentheinitial andfinal stateis increased
[12,13. Heavier systemswith large long-rangeanisotropy
haverate coefficientsfor pure rotationaltransitionsthat fall
off more slowly with enegy gap allowing more efficient
relaxationevenwhen QRVR transitionsare closed.

The paperis organizedas follows: Sectionll briefly de-
scribesthe classicaltheoryof quasiresonardgcatteringalong
with a general description for estimating the collisional
quenchingbehaviorof any highly rotating diatomic system.
The usual quantum-mechanicdbrmulation is reviewedto-
getherwith the scatteringengthdescriptionfor inelasticcol-
lisionsin the limit of zerotemperatureSectionlll presents
the resultsof the quantumcalculationsfor severalsystems
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andprovidesaninterpretatiorbasedon the theorydeveloped

in Sec.ll. Conclusionsand speculationdor future work are
givenin Sec.IV.

Il. THEORY

It is well known [12,13 that rotational quenchingde-
creasesapidly with the enegy gapbetweeninitial andfinal
diatomic states.As the rotationallevel of the moleculein-
creasesthe enepgy gap for pure rotational transitionsalso
increases,and the efficiency decreasesTherefore, QRVR
may bethe dominantenegy-transfemechanisnat very high
rotationallevels. Severalclassicalstudiesof QRVR enegy
transferhave beenreported[7,14-16] for atom-diatomcol-
lisionsat ordinarytemperaturedt hasalsobeenshown(4,5]
that collisional quenchingrate coefficientsare stronglyinflu-
encedby classicaldynamicsin theT— 0 limit. If v andj are
the vibrational and rotational quantumnumbersof the dia-
tom, thenthe generalrule followed by QRVR transitionsis

AI=n;Aj+n,Av=0, (1)

wherel' = n;j +n,v is the conservedctionandn; andn,, are
small integers.When the vibrational and rotational motion
arein approximatdow-orderresonancethe condition

n=n,/nj~w,lv;, 2

alsoholds,wherew, andw; arethe classicalvibrationaland
rotationalfrequenciesof the diatom.If n is an eveninteger
for homonucleadiatoms,then an integral numberof com-
plete vibrationswill occurduring eachhalf rotationand es-
sentially all of the classicaltrajectorieswill obey the qua-
siresonantrule (1) for a single (n,,n;) pair [14]. This
producesa correlationbetweenAv and Aj that persistsall
the way down to zerotemperaturd4,5]. If the QRVR tran-
sition is enepetically allowed,this correlationtakesthe form
of a propensityrule [14]

Aj=—nAv. 3
Equations(1) and (2) may be usedto showthat

JH — oH .
ABp=" AvtcAj=ho,Av+heAj~0,  (4)

which is the conditionthatthe internalenegy changeduring
the collision is assmall as possible As the translationalen-
ergy approachesero, the classicaldynamicscontinuesto
satisfy Egs.(3) and (4) by allowing Av andAj to be much
smallerthana single quantum.This meansthat the classical
analogof the quantumprocesss forbidden.Neverthelessit
hasbeenshown[4,5] that the quantumprocessis strongly
influencedby the classicaldynamicswhen the initial rota-
tional level is neara quasiresonamaluej'(Q“F)e for integern.

One of the interestingfeaturesof ultracold atom-diatom
collisionsis the efficiencyandspecificity of the QRVR tran-
sitions for a rangeof j vaIuescenteredatjg%. For a mol-
eculethatis oscillatingharmonicallywith frequencyw,, the
nth-orderQR rotationallevel is
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TABLE I. Harmonicapproximation.

Molecule we(cm ) Bg(cm ') Dglem ™) jp j8i jSi

H, 44012  60.85 382925 25 18 9
Li, 35143 06726 8517 113 130 65
0, 1580.2 1446  42050.2 171 273 137
. We
J&=2nm, (5)

wherethe rotationalconstantB, is inverselyrelatedto twice
the moment of inertia of the molecule. In the zero-
temperaturdimit, the nth-ordertransitionis typically closed
for j=j{% while the neighboringj valuesallow very effi-
cient QRVR enegy transfer[4]. The largestrotationallevel
with an enegetically closedQRVR transition occurswhen
n=2. Becausethe efficiency of pure rotational quenching
decreasesapidly with increasing;, the j = j &} rotationallev-
els have the bestchanceto resistcollisional relaxation.In
order to producehighly rotationally excited moleculesthat
are stableagainstcollisional decay it is usually necessary
thatthe QR rotationallevel be lessthanthe dissociationro-
tationallevel

, D
jD = B_, (6)

e

o

whereD, is the dissociationenegy. Table| showsthe har
monic parametersand also the rotationalquantumnumbers
for hydrogen lithium, and oxygenmolecules.lt is apparent
from the tablethat the second-ordef)R rotationallevelsfor
Li, andO, occurat valuesthataregreaterthanthe levelsfor
dissociationTherefore thereis very efficientvibrationaland
rotational enegy exchangefor the highly excited statesof
thesemolecules.Figures 1-3 show resultsthat go beyond
the harmonicapproximatiorfor all threeof thesemolecules.
The enegy gapswere computedusingthe potentialcurve of

4000
3000 |
Av=—1, Aj=+4
2000
1000 | Av=+1, Aj=-2
Y .
_1000 | Av=-1, Aj=+2
Av=+1, Aj=-4
—2000
-3000 Av=0, Aj=-2
—4000

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
i

FIG. 1. Internalenegy changeversusj for collisionsinvolving
the groundX'X ; stateof H(v=1,).
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FIG. 2. Internalenegy changeversusj for collisionsinvolving
the groundX'X; stateof ®Li,(v=1j).

Schwenkd 17] for H,, ZemkeandStwalley[18] for Li,, and
Friedman[19] for O, (as modified by Babb and Dalgarno
[20]). The internal enegy changeis plotted versusj for
H,, Li,, andO, moleculeseachin thev =1 initial state.In

eachfigure, the increasingcurvescorrespondo Aj>0 tran-
sitionsandthe decreasingurvesto Aj<0 transitions When
the internal enegy changeis positive, the transitionis not
allowed for T—0 due to enegy conservation.Interesting
behaviorwill generallybe found nearj valueswhere the
increasingand decreasingcurvesintersectfor a given Aj=

—nAv transition. This intersectionpoint may be usedto
definej$, replacingthe approximatevaluegivenin Eq. (5).

If the curvesintersectat a positivevalue,thentherewill bea
sharpdecreasén the total inelasticdeexcitationrate coeffi-
cient. The most pronouncedbehaviorwill occur for n=2

becausethe pure rotational quenchingcontribution is also
very small. For H, molecules,the n=2 caseoccursat j

=22 whichis lessthanthej valuefor dissociationlt is these
moleculesthat are most stableagainstcollisional relaxation
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FIG. 3. Internalenegy changeversusj for collisionsinvolving
the groundX33; stateof O,(v=1,).
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[6]. The vibrational ground state may allow a range of j
valuesthat are Iessthanj'(QzF{ to be stableagainstcollision
evenwhenj'(QZF){ is greaterthanjp . Thisis dueto theremoval
of the quasiresonanfv=—1 transition. Becausethe j&}
valuesare greaterthan the j, valuesfor Li, and O, mol-
ecules,there is no chancefor bound vibrationally excited
statesof thesemoleculegto be stableagainstcollision. How-
ever it may be possiblefor quasiboundstateswith v >0 to
bestableif the dissociationifetime is large enough21]. For
example,the lithium moleculehas many quasiboundevels
whose tunneling widths for j<130 are small enoughthat
dissociationcannotoccur on any reasonabldime scale[2].
Extrapolationof the Aj=—2Av curvesof Fig. 2 showsthat
thereshouldbe a positiveenegy-gapcrossingin the vicinity
of j=120. Therefore,the lithium molecule may possessa
quasiboundstatewhosestability againstcollision is limited
only by the rate coefficientfor purerotationalquenching.
In the following sectionwe presentesultsof numerically
conveged quantum-mechanicatalculations.The formulas
aresummarizedbelow The rate coefficientsare given by

Ry, i/(T)=(8kgT/mrwm)*? F .
vJ vJ( ) ( B 77:“) (kBT)2 00-1)] v’}

XeXK_Evj/kBT)EvjdEyj" (7)

whereT is thetemperaturekg is the Boltzmannconstantu
is the three-bodyreducedmass,andE,; is the translational
enepy in theincomingchannel.The enegy-dependentross
sectionis given by

- f a3
L — > (23+1) X >
2uE, ;(2j+1) 3-0 1=13=jl y' =|5-j'|

2
|

|8, 81 8,,— S : (8)

i1 vo!
wherel is the orbital angularmomentumandj=f+ I is the
total angularmomentumThe scatteringmatrix $is obtained
from the solutionof the usualclose-couplingequationg22].
In the zero-temperaturémit, the thermalaveragen Eq. (7)
simplifiesandthe rate coefficientis simply the cross-section
times the collision velocity. The total collisional quenching
(or relaxation rate coefficientfor a given v andj level is
givenby the sumof R;_.,,/j» overall possiblevaluesof v’
and j'. Equations(7) and (8) may be usedto obtain the
componentsof the complex scattering length a,;j= «,;
—iB,j. Theimaginarypartis determinedby

47hB,;
lim R,;(T)= By,
T—0

9)

andthe real part by

Tyjuj=dm(al;+ B2y, (10)
which is the elastic-scatteringrosssectionin the limit of
zero enegy. The crosssectionsare generallyvery sensitive
to the detailsof the potential-enagy surface.lt was shown
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FIG. 4. Ratioof inelasticto elasticcrosssectionasa function of
translationalenepy for collisions of 3He with H,(v=0,). The
inelasticcrosssectionincludescontributionsfrom all possiblede-
excitationchannels.

[8] thatthe dimensionlessatio 8,/ a,; is not very sensitive
to the details of the potential-enagy surfacewhen the last
boundstateof the van der Waalscomplexis not too closeto

zero.

I11. RESULTS

Figure 4 showsthe ratio of inelasticto elasticcrosssec-
tion asa function of kinetic enegy for collisionsof 3He with
H,(v=0,). The inelastic cross sectionincludes contribu-
tions from all possibledeexcitationchannelsandis greatly
reducedwhen the quasiresonanfAv=1Aj=—2 transition
becomesenegetically disallowed. This occursfor transla-
tional enegiesin therange100-1000cm™ . Whenthetem-
peraturds belowthis enegy range therotationally hot mol-
ecules are significantly more stable against collisional
relaxation.The curvesshownin Fig. 4, which are consistent
with thosereportedpreviously [6], demonstratethat the v
=0 statesof the moleculeallow a wider rangeof rotational
levels to be stable againstcollision (e.g., the v=2 states
allowed only the j=22 level to be stableagainstcollision
[6]). For j=24, the Av=1Aj=—2 transitionis enegeti-
cally allowed asthe translationalenepy is reducedto zero.
Therefore,the total inelasticcrosssectionis quite large for
Jj=24, andthe ratio o,/ 0 doesnot give the steplike be-
haviorshownin thefigure. The sharpnessf the stepis great-
estfor j=22 and decreasewith decreasing. The enegy
where the step is located and the magnitudeof the ratio
onl oe increasesvith decreasing. Wignerthresholdbehav-
ior occursfor enegiesbelow10 2 em L.

Figure5 showstotal quenchingrate coefficientsfor colli-
sionsof He with H,(v =0) in thelimit of zerotemperature.
The rate coefficients,which include contributionsfrom all
possible deexcitation channels,decreasesmoothly with j
with two obvious exceptionsWhen j=12, the Av=1Aj
= —4 transitionis enepgeticallyallowedandwe seea sudden
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FIG. 5. Quenchingrate coefficientsfor collisions of He with

H,(v=0,) in the limit of zerotemperatureThe rate coefficients
include contributionsfrom all possibledeexcitationchannels.

increasein the total quenchingrate coefficientfor j=12.

Likewise,whenj=24, the Av =1Aj= —2 transitionis en-
emyetically allowedandwe seea suddenincreasen thetotal

quenchingrate coefficientfor j=24. The qualitativebehav-
ior of theratecoefficientss identicalfor bothisotopesof the
helium collision partner The magnitudeof the curveis gen-
erally controlled by the location of the mostweakly bound
stateof the three-bodycomplex.

Figure 6 showsthe total quenchingrate coefficientsfor
collisionsof “He with H,(v,j) in thelimit of zerotempera-
ture. The rate coefficients,which include contributionsfrom
all possible deexcitation channels,reveal a characteristic
curvefor v>0 thatis differentfrom thev =0 curveof Fig.
5. The reasonis the availability of Av=—1 quasiresonant
transitions Like thev =0 case,it is the purerotationaltran-
sitions that dominate the quenchingfor j<7. However
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FIG. 6. Quenchingrate coefficientsfor collisions of “He with

Hy(v,j) in the limit of zerotemperatureThe rate coefficientsin-
clude contributionsfrom all possibledeexcitationchannels.
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FIG. 7. Quenchingrate coefficientsfor collisions of 3He with
D,(v=0,) and T,(v=0y) in the limit of zerotemperatureThe

ratecoefficientsincludecontributionsfrom all possibledeexcitation
channels.

when j=7 thereis a strong contribution from the Av=
—1,Aj=4 transitionandthereis anupturnin the curves.For
j>7, the Av=—-1Aj=4 transitionis not enegetically al-
lowed andthereis a sharpdownturnin the curves.When j
=12, the Av =1Aj= —4 transitionis enegetically allowed
asin thev =0 case andwe seea sudderincreasen thetotal
quenchingrate coefficientfor j=12. Unlike thev=0 case,
however thereis a smoothincreasen the ratecoefficientfor
13<j=<20. Thisis dueto thedominantAv = —1,Aj=2 qua-
siresonantransition.Whenj= 22 thereis a sharpdecreasén
the total quenchingrate coefficientdue to the closing of the
Av=-1Aj=2 quasiresonantransition. When j=24 (23
for v=2), the Av=1,Aj= —2 transitionis enegetically al-
lowedasin thev =0 case andwe seea sharpincreasan the
total quenchingrate coefficient.

Figure 7 showsquenchingrate coefficientsfor collisions
of 3He with D,(v=0,j) andT,(v=0,j) in thelimit of zero
temperature The characteristicbehavioris the sameas in
Fig. 5 for Hy(v=0). As themomentof inertiais increased,
the rotationalenegy spacingdecreaseandthe onsetfor the
openingof quasiresonantransitionsis pushedout to higher
valuesof j. The openingof the Av=1Aj=—4 transition
occurs at j=16 for D,(v=0j) and at j=19 for T,(v
=0,), whereasthe openingof the Av=1Aj=—2 transi-
tion occursat j=34 for D,(v=0,) andat j=42 for T,(v
=0,). Becausepure rotational quenchingdecrease®xpo-
nentially with increasingj, the statesthat are most stable
againstcollisional relaxationwill be those stateswhose j
valueis thelargestpossiblevaluesuchthatAj= —2Av tran-
sitions are closed.This occursat j= 32 and j= 40, respec-
tively, for D, andT,. The quantitativeresultsfor D, andT,
demonstratehat the QRVR effect doesnot have a strong
dependenc®n the momentof inertia of the molecule.In-
steadthej“Q"ge andjp valuessimply increaseandthe charac-
teristic behavioris not affected.This is in contrastto previ-
ous speculationghat the effect would be most pronounced
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FIG. 8. Ratioof imaginaryto real partof the complexscattering
lengthas a function of rotationallevel. The imaginary part g; in-
cludesonly contributionsfrom pure rotational deexcitationchan-
nels.

for light systemg6,7]. Of course,if the momentof inertiais
large enoughthat j3%>jip , thenthe nth-orderQRVR effect
may be absent.Also, the momentarm influencesthe rota-
tional anisotropyof the interaction.The long-rangeanisot-
ropy in the potential-eneagy surfacemay be estimatedusing
the relation[30]

C al—a
VLR Y~ — —| 14—

RS W—Z%Pz(cosw ,

(11

where o) and a, are the respectivecomponentf the di-
atomic polarizability that are parallel and perpendicularto
the internuclearaxis. If the momentarm is small, asin the
caseof H,, thentherotationalanisotropya— «, tendsto be
small andthe purerotationalquenchingis lessefficient.

As discussedn Sec.ll, the numericalvaluesof the cross
sectionsandrate coefficientsarevery sensitiveto the details
of the potential-enegy surface. Becausepotential-enagy
surfacesare not designedor ultracoldcollisions, it is useful
to presentresultsof paramatershatarenot assensitiveto the
detailsof the surface.The ratio B/« is one suchparameter
Figures8-11 showresultsfor this parameteasa function of
rotationallevel andenegy gapfor severakystemsin Figs.8
and 9, the imaginarycomponenincludesonly contributions
from pure rotational deexcitation. The curves are very
smoothandthe exponentiadecaywith enegy gapis clearly
seenin Fig. 9. In Fig. 10, theratio B/ « is givenasa function
of j for “He collisionswith H, in thev =0 andv =2 states.
The rovibrationaltransitionsare includedin the calculations
andg,; containscontributionsfrom all possibledeexcitation
channelsA comparisonof Fig. 8 and Fig. 10 demonstrates
that the structurein the curvesis a consequencef allowed
andforbiddenQRVR transitions.Thereal partof the scatter
ing lengthvariesslowly sothe characteristibehaviorof 8/ «
is similar to the total quenchingrate coefficientsshownin
Figs.5 and®6.
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FIG. 9. Ratioof imaginaryto real partof the complexscattering
length as a function of the enegy gap betweeninitial and final
diatomic states.The imaginary part 8; includesonly contributions
from purerotationaldeexcitationchannels.

Figure 11 includesresultsfor H,+H, and He+ O, colli-
sions. The He+ O, calculationswere performedusing the
potential-enagy surfaceof Groenenboomand Struniewicz
[23]. A full accountof the calculations,which agreewith
thosereportedby Balakrishnanand Dalgarnofor low rota-
tional levels[24], will be given elsewhereThe H,+H, cal-
culationswere performedwithin the rigid-rotor approxima-
tion [25] usingthe interactionpotentialof Zarur and Rabitz
[26]. The He+H, and Ar+H, resultswere obtainedusing
the potential-enagy surfacesof Muchnick and Russek{27]
and SchwenkeWalch and Taylor [28], respectivelyThe re-
sults for He+ O, show that the decreasén relaxationeffi-
ciencywith increasingj is extremelyslow Although it was
not possibleto obtainconvegedresultsfor j>40, thetrend

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
i

FIG. 10. Ratio of imaginaryto real part of the complexscatter
ing lengthasa function of rotationallevelfor collisionsof “He with
Hy(v,j) in the limit of zerotemperatureThe imaginary part 8,;
includescontributionsfrom all possibledeexcitationchannels.
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FIG. 11. Ratio of imaginaryto real part of the complexscatter
ing lengthas a function of rotationallevel. The imaginarypart 3;
includesonly contributionsfrom purerotationaldeexcitationchan-
nels.

in the datasuggestshatthe quenchingwill remaintoo great
for any rotationallevel to be a viable candidatefor cooling
andtrapping.

IV. CONCLUSION

We haveperformeddetailedquantum-mechanicaklcula-
tionsfor cold collisionsof heliumatomswith hydrogendeu-
terium, andtritium moleculesThe rotationaldistributionsof
the total quenchingrate coefficientsshow a characteristic
behaviorthat is independenbdf the rotationalinertia of the
molecule.The QR anddissociatiorrotationallevelsbothin-
creasewith increasingnertia, but the characteristidehavior
of the distributionsis unafected. From theseobservations
we may draw generalconclusionsaboutother diatomic sys-
temsfrom the knowledgeof the term enepies. If j‘(QZF){ is less
than jp for a given vibrational level, then the zero-
temperatureollisional quenchingmay be greatlysuppressed
for j=j&%. Many moleculeshave a value for j&) that is
greaterthanjp, . In this casethe v =0 rate coefficientsmay
still be significantly suppressedor j~jp, but therecannot
be any bound rotationally and vibrationally excited mol-
eculesthat are stableagainstcollision.

Highly rotationally excited moleculesmay be produced
over a distribution of rotationallevels using an optical cen-
trifuge [3] or in a single stateselectedotationallevel using
the experimentalschemeproposedby Stwalley and co-
workers[2]. It may also be possibleto use the collisional
propertiesto producemoleculesin a single rotational level
for stateswith v>0 (e.g.,seethe v =2 curveof Fig. 6). In
any experimentalkchemethe key to producingrotationally
hot moleculesthat are stableagainstcollision is to cool the
moleculesto temperaturesvheretranslationaknegy cannot
be usedto facilitate a QRVR transition.

The optical centrifugeallows the use of a cold gasasa
starting point for the excitation.Cooling and trappingtech-
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niguesthat rely on elastic collisions could then be usedto
further reducethe translationatemperaturef specificstates
of the molecule[6]. Becausespecific rotationally hot mol-
eculesarestableagainstcold collisions,it maybe possibleto
usea gasof suchmoleculesasa meansof storingenegy. If
the density of the gasis not too large, then the molecules
would decayprimarily throughquadrapoleradiation.In the
caseof H, the lifetime for quadrapoledecaywhen 18<j
<22 is typically 3—4 days[29]. The rate coefficientsfor
He-H, andH,-H, collisions suggesthatit may be possible
to maintaina large densityof moleculesfor thesevaluesof j
beforeultimately losing themto collisional or radiative de-
cay

We havealsoperformedcalculationgor heliumcollisions
with highly rotationallyexcitedoxygenmoleculesTherota-
tional anisotropyof the He-O, potential-enagy surfaceis
large enoughthat the purerotationalquenchingis very effi-
cient at all valuesof j that were studied.Generally strong
rotational anisotropywill limit the possibilitiesfor cooling

PHYSICAL REVIEW A 66, 023411 (2002

and trapping. The resultsreportedin this work suggesthat
hydrogenmoleculeswvould offer the greatesstability against
collisional relaxation.However they would alsobe the most
difficult to rotatebecausehe magnitudeof a|—«, is what
allows the diatomic moleculesto be spunto suchhigh rota-
tional levels[1]. In a practicalapplication,it may be desire-
able to sacrifice somecollisional stability in order to gain
otheradvantagesi-or example,a moleculewith a magnetic
dipole momentwould allow a convenienttrapping scheme
[10]. If the moleculeretainsenoughcollisional stability and
allows enoughstateselectivity(e.g.,thev =2, j= 22 stateof
hydrogen, then it is conceivablethat evaporativecooling
could be usedin an effort to reachBose-Einsteircondensa-
tion.
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