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Cold
�

collisions involving highly rotationally exciteddiatomic moleculesare investigated.As the transla-
tional
�

energy is lowered,the total inelasticcrosssectiondecreasessharplyfor specificchannelswherequa-
siresonant� transitionsareno longerenergeticallyallowed.Ratecoefficientsaregivenfor collisionalquenching
of� rotationally excitedH2

� ,D2
� ,T	 2
� , and O2

� at
 zero temperature.The specific rotationalstatesthat are stable
against
 collisional relaxation would be interestingprospectsfor cooling and trapping. The application of
collisional� coolingmethodstogetherwith recentlydevelopedschemesfor producingrotationallyhot molecules
may allow high densitiesof ultracold ‘‘superrotors’’ to be achieved.
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I. INTRODUCTION

Experimental
�

schemesto producediatomic moleculesin
highly excitedrotationalstateshavebeenproposed� 1,2� and�
recently realized � 3��� . The resultsof theseexperimentsmay
have
�

important implicationsfor both gasphaseand surface
physics� andchemistry � 3��� .

Theoreticalcalculationshaverevealedinterestingbehav-
ior for thecollisionaldynamicsof suchrotationallyhot mol-
ecules� at low temperatures� 4–

�
7� . One intriguing result of

the
 

calculations! 6"�# is
$

the possibility for producingrotation-
ally� hot moleculesthat are stableagainstcollisional relax-
ation.� Theideais to usemolecularlevelsthatwould undergo
a� quasiresonant% QR

&('
vibration-rotation) * VR

+(,
transition
 

at
normal- temperatures.At very low temperatures,the highly
efficient� and specific QRVR transition may becomeclosed
due
.

to energy conservation.This effectively stabilizesthe
rotationally/ hot moleculeagainstcollisionaldeexcitation0 6"�1 .
For
2

moleculesthat are also vibrationally excited, the rota-
tional
 

distribution of total quenching rate coefficients is
nearly symmetricabout the levels whereQRVR transitions
are� energetically closed 3 4��4 . This is due to highly efficient
ener� gy transferthatallowsvibrationalexcitationanddeexci-
tation
 

to occur with nearly equal probability. Observations
from the optical centrifugeexperiments5 3��6 havesuggested
that
 

at leastsomeof the highly rotating moleculesare pro-
duced
.

without vibrational excitation.For collisions that in-
volve) moleculesin thevibrationalgroundstate,therotational
distribution
.

of total quenchingratecoefficientsis asymmetric
with7 respectto levels where QRVR transitionsare closed
because
8

themoleculescannotlosevibrationalenergy. In this
work,7 we providean extensiveaccountof the rotationaldis-
tributions
 

for collisionalquenchingof thelowest-lyingvibra-
tional
 

levels for severaltypes of rotationally excited mol-
ecules.�

Thecollision partnerin eachcalculationis a heliumatom,
however, the characteristicbehavior in the distribution of
rate/ coefficientsapplies to any weakly interactingsystem.
For
2

example,whenheliumis replacedby argon,theshapeof
the
 

rotational distributions for the lowest-lying vibrational
quenching9 ratecoefficientsat zerotemperatureis unchanged:
8
;�<

. Other rare-gascollision partnershave been used in
QR
&

VR transfer experimentsat ordinary temperatures= 9>�? .

The choiceof helium asa collision partnerat low tempera-
tures
 

is a naturaloneconsideringthe experimentalprogress
in
$

heliumbuffer gascooling @ 10A and� heliumclusterisolation
spectroscopyB C 11D . Becausesomeof therotationallyhot mol-
ecules� arestableagainstcollision with otheratomsandmol-
ecules,� it is very possiblethat theywould alsobestableupon
collisionE with a surface,such as a helium coatedwall or
droplet.
.

If thestickingprobability is large,thentheso-called
‘‘super rotors’’ would be trappedby the surfacefor many
rotational/ periods.An analogywith molecularpredissocia-
tion
 

suggeststhat the moleculescould be trappedin this
mannerfor severalmillisecondsor morebeforebeinglost to
relaxation F 5GIH . If the sticking probability is low, as in the
W
J

igner thresholdregime where it approacheszero, then it
mayK also be possibleto use the surfacesas a meansfor
containingE the highly rotatingmolecules.

It hasbeenspeculatedL 6,7
"NM

that
 

the quasiresonanteffect
shouldB bemostpronouncedfor light diatomicsystemsdueto
the
 

small momentof inertia. Investigationof helium colli-
sionsB with hydrogen, deuterium, and tritium molecules
shouldB provideinsight into the importanceof themomentof
inertia
$

in quasiresonancephenomena.We showtheresultsof
this
 

investigation,andbasedon theseresults,we draw con-
clusionsE for other systemssuchas Li2

O and� O2
O . The depen-

dence
.

of the total inelasticcrosssectionon theanisotropyof
the
 

potential-energy surfaceis alsostudied.We find that light
diatomic
.

systemswith small long-rangeanisotropygenerally
allow� very stablerotationallyexcitedstateswhenthe QRVR
channelsE areclosed.This is primarily dueto the exponential
decay
.

of theratecoefficientsfor purerotationaltransitionsas
the
 

energy gapbetweenthe initial andfinal stateis increasedP
12,13Q . Heavier systemswith large long-rangeanisotropy

have
�

ratecoefficientsfor pure rotationaltransitionsthat fall
ofR f more slowly with energy gap allowing more efficient
relaxationevenwhenQRVR transitionsareclosed.

The
S

paperis organizedas follows: SectionII briefly de-
scribesB the classicaltheoryof quasiresonantscatteringalong
with7 a general description for estimating the collisional
quenching9 behaviorof any highly rotatingdiatomicsystem.
The
S

usualquantum-mechanicalformulation is reviewedto-
getherT with thescatteringlengthdescriptionfor inelasticcol-
lisions in the limit of zero temperature.SectionIII presents
the
 

resultsof the quantumcalculationsfor severalsystems
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and� providesaninterpretationbasedon thetheorydeveloped
in Sec.II. Conclusionsandspeculationsfor future work are
givenT in Sec.IV.

II. THEORY

It
`

is well known a 12,13b that
 

rotational quenchingde-
creasesE rapidly with the energy gapbetweeninitial andfinal
diatomic
.

states.As the rotational level of the moleculein-
creases,E the energy gap for pure rotational transitionsalso
increases,
$

and the efficiency decreases.Therefore,QRVR
mayK bethedominantenergy-transfermechanismat very high
rotational levels. Severalclassicalstudiesof QRVR energy
transfer
 

havebeenreported c 7,14
d

–16e for atom-diatomcol-
lisions
f

at ordinarytemperatures.It hasalsobeenshown g 4,5
�ih

that
 

collisionalquenchingratecoefficientsarestronglyinflu-
enced� by classicaldynamicsin theT

jlk
0
m

limit. If n and� j
o

are�
the
 

vibrational and rotationalquantumnumbersof the dia-
tom,
 

thenthe generalrule followed by QRVR transitionsis

p
I
qIr

ns j
tvu j
oxw

nszy|{~}�� 0,
m �

1�
where7 I

qI�
ns j
t jox� nsz��� is

$
theconservedactionandns j

t and� nsz� are�
smallB integers.When the vibrational and rotational motion
are� in approximatelow-orderresonance,the condition

ns�� nsz� /
�
ns j
t|����� /

���
j
t ,� � 2�

also� holds,where ��� and� �
j
t are� theclassicalvibrationaland

rotationalfrequenciesof the diatom. If ns is an eveninteger
for homonucleardiatoms,then an integral numberof com-
plete� vibrationswill occurduring eachhalf rotationandes-
sentiallyB all of the classicaltrajectorieswill obey the qua-
siresonantB rule � 1� for a single (nsz� ,� ns j

t )� pair � 14� . This
produces� a correlationbetween ¢¡ and� £ j

o
that
 

persistsall
the
 

way down to zero temperature¤ 4,5¥ . If the QRVR tran-
sitionB is energeticallyallowed,this correlationtakestheform
ofR a propensityrule ¦ 14§

¨
j
oª©¬«

nsz­~® . ¯ 3��°

Equations± 1² and� ³ 2́ may be usedto showthat

µ
E
¶

int
·¹¸

º
H
»
¼¾½À¿~Á�Â

Ã
H
»
Ä

j
oÆÅ j

oªÇÆÈÊÉ�Ë|Ì¢Í�Î¹ÏÊÐ
j
tvÑ j
oxÒ

0,
m Ó

4
��Ô

which7 is theconditionthat the internalenergy changeduring
the
 

collision is assmall aspossible.As the translationalen-
er� gy approacheszero, the classicaldynamicscontinuesto
satisfyB Eqs. Õ 3�IÖ and� × 4Ø by

8
allowing Ù~Ú and� Û j

o
to
 

be much
smallerB thana singlequantum.This meansthat the classical
analog� of the quantumprocessis forbidden.Nevertheless,it
hasbeenshown Ü 4,5Ý that

 
the quantumprocessis strongly

influencedby the classicaldynamicswhen the initial rota-
tional
 

level is neara quasiresonantvalue j
o

QR
(
Þ
nß )
à

for integerns .
One
á

of the interestingfeaturesof ultracold atom-diatom
collisionsE is theefficiencyandspecificityof theQRVR tran-
sitionsB for a rangeof j

o
values) centeredat j

o
QR
(
Þ
nß )
à
. For a mol-

ecule� that is oscillatingharmonicallywith frequencyâ eã ,� the
ns th-order
 

QR rotationallevel is

j
o

QR
(
Þ
nß )
àåäçæ eã

2
è

nBs eã ,� é 5G�ê

where7 the rotationalconstantB
ë

eã is
$

inverselyrelatedto twice
the
 

moment of inertia of the molecule. In the zero-
temperature
 

limit, the ns th-order
 

transitionis typically closed
for j

oªì
j
o

QR
(
Þ
nß )
à

while7 the neighboringj
o

values) allow very effi-
cientE QRVR energy transfer í 4î . The largestrotationallevel
with7 an energetically closedQRVR transitionoccurswhen
ns�ï 2

è
. Becausethe efficiency of pure rotational quenching

decreases
.

rapidly with increasingj
o
,� the j

oªð
j
o

QR
(2)
Þ

rotational/ lev-
els� have the best chanceto resist collisional relaxation.In
orderR to producehighly rotationally excitedmoleculesthat
are� stableagainstcollisional decay, it is usually necessary
that
 

the QR rotationallevel be lessthanthe dissociationro-
tational
 

level

j
o

D ñ Deã
Beã ,� ò 6"�ó

where7 D
ô

eã is
$

the dissociationenergy. Table I showsthe har-
monic parametersand also the rotationalquantumnumbers
for hydrogen,lithium, andoxygenmolecules.It is apparent
from
õ

the tablethat the second-orderQR rotationallevelsfor
Li2 and� O2 occurR at valuesthataregreaterthanthelevelsfor
dissociation.
.

Therefore,thereis very efficientvibrationaland
rotational/ energy exchangefor the highly excited statesof
these
 

molecules.Figures1–3 show resultsthat go beyond
the
 

harmonicapproximationfor all threeof thesemolecules.
The
S

energy gapswerecomputedusingthepotentialcurveof

TABLE I. Harmonicapproximation.

Molecule ö e÷ (cm ø 1)
ù

B
ú

e÷ (cû m ü 1)
ù

D
ý

e÷ (cm þ 1)
ù

j
ÿ

D
� j

ÿ
QR
�(2)
�

j
ÿ

QR
�(4)
�

H2
� 4401.2

�
60.85 38292.5 25 18 9

Li
�

2
� 351.43

�
0.6726 8517 113 130 65

O2 1580.2 1.446 42050.2 171 273 137

FIG. 1. Internalenergy changeversusj
ÿ

for collisionsinvolving
the groundX

� 1�
g� 	 stateof H2( 
�� 1,j

ÿ
).
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Schwenke
� �

17� for H2
O ,� ZemkeandStwalley � 18� for Li2

O ,� and
Friedman � 19� for O2 � as� modified by Babb and Dalgarno�
20��� . The internal energy changeis plotted versus j

o
for

H
�

2 , L� i2,� andO2 moleculesK eachin the ��� 1 initial state.In
each� figure, the increasingcurvescorrespondto � j

o! 
0
m

tran-
sitionsB andthedecreasingcurvesto " j

o!#
0
m

transitions.When
the
 

internal energy changeis positive, the transition is not
allowed� for T

j%$
0
m

due to energy conservation.Interesting
behavior
8

will generally be found near j
o

values) where the
increasing
$

anddecreasingcurvesintersectfor a given & j
o(') ns+*-, transition.

 
This intersectionpoint may be used to

define
.

j
o

QR
(
Þ
nß )
à
,� replacingtheapproximatevaluegivenin Eq. . 5G0/ .

If thecurvesintersectat a positivevalue,thentherewill bea
sharpB decreasein the total inelasticdeexcitationratecoeffi-
cient.E The most pronouncedbehaviorwill occur for ns21 2

è
because
8

the pure rotational quenchingcontribution is also
very) small. For H2

O molecules,K the ns43 2
è

caseoccurs at j
o5 22which is lessthanthe j

o
value) for dissociation.It is these

moleculesK that are most stableagainstcollisional relaxation

6
6
"07

. The vibrational ground state may allow a range of j
o

values) that are less than j
o

QR
(2)
Þ

to
 

be stableagainstcollision
even� when j

o
QR
(2)
Þ

is
$

greaterthan j
o

D
8 . This is dueto theremoval

ofR the quasiresonant9-:�;=< 1 transition. Becausethe j
o

QR
(2)
Þ

values) are greaterthan the j
o

D values) for Li2 and� O2 mol-
ecules,� there is no chancefor bound vibrationally excited
statesB of thesemoleculesto bestableagainstcollision. How-
ever� , it may be possiblefor quasiboundstateswith >�? 0 t

m
o

be
8

stableif thedissociationlifetime is largeenough@ 21A . For
example,� the lithium moleculehasmany quasiboundlevels
whose7 tunneling widths for j

o!B
130 are small enoughthat

dissociation
.

cannotoccur on any reasonabletime scale C 2è0D .
Extrapolationof the E j

o!F=G
2H-I curvesE of Fig. 2 showsthat

there
 

shouldbea positiveenergy-gapcrossingin thevicinity
ofR j
o!J

120. Therefore,the lithium moleculemay possessa
quasibound9 statewhosestability againstcollision is limited
onlyR by the ratecoefficientfor purerotationalquenching.

In
`

thefollowing section,we presentresultsof numerically
converE ged quantum-mechanicalcalculations.The formulas
are� summarizedbelow. The ratecoefficientsaregiven by

R
KML

j
tONQPSR

j
tUT�V Tj2WYX[Z 8; k

\
B
] T
j

/
�U^2_-` 1/2

1a
k
\

B
] T
j2b 2 0

c d(e f j
thgjiSk

j
tml

n
exp�porq E s j

t /� k\ BT t E u j
t dE
vxw

j
t ,� y 7d0z

where7 T is the temperature,k
\

B is the Boltzmannconstant,{
is
$

the three-bodyreducedmass,and E
¶M|

j
t is
$

the translational
ener� gy in the incomingchannel.Theenergy-dependentcross
sectionB is given by

}�~
j
tO�Q�S�

j
tU��� �

2 � E � j
tr� 2 j
o!�

1 �
�
J
�U�

0
c
���

2
è

J
�(�

1 ���
l
�h�4�

J
���

j
t��

�
J
�U�

j
tr� �

l
� �h¡4¢

J
�U£

j
tU¤�¥

¥
J
�U¦

j
tU§�¨

©[ª¬«
j j
tQ­¯®

ll
�±°¯²´³r³Sµ�¶ S

·
j j
tQ¸

ll
�±¹»ºrºS¼J

� ½
2
,� ¾ 8;0¿

where7 l
À

is the orbital angularmomentumandJ
� ÁUÂ

j
o ÃÅÄ

l
À Æ

is the
total
 

angularmomentum.Thescatteringmatrix S
·

is
$

obtained
from
õ

thesolutionof theusualclose-couplingequationsÇ 22
èÉÈ

.
In the zero-temperaturelimit, the thermalaveragein Eq. Ê 7d0Ë
simplifiesB andthe ratecoefficientis simply the cross-section
times
 

the collision velocity. The total collisional quenchingÌ
orR relaxationÍ rate coefficient for a given Î and� j

o
level is

givenT by the sumof R
KMÏ

j
tOÐQÑSÒ

j
tUÓ overR all possiblevaluesof ÔÖÕ

and� j
o±×

. Equations Ø 7d0Ù and� Ú 8;0Û mayK be used to obtain the
componentsE of the complex scattering length aÜÞÝ j

trßáà!â
j
tã i

äOåÖæ
j
t . The imaginarypart is determinedby

lim
T ç 0
c R è j

t�é T êYë 4
�Öì2í2îÖï

j
tð ,� ñ 9>0ò

and� the real part byó�ô
j
tOõQö

j
tr÷ 4 øúùÅû!ü j

t2Oþý ÿ � j
t2O�� ,� � 10�

which7 is the elastic-scatteringcrosssectionin the limit of
zero energy. The crosssectionsare generallyvery sensitive
to
 

the detailsof the potential-energy surface.It was shown

FIG.
�

2. Internalenergy changeversusj
ÿ

for collisionsinvolving
the groundX

� 1�
g� � stateof 6

	
Li2
� ( 
�� 1,j

ÿ
).
ù

FIG. 3. Internalenergy changeversusj
ÿ

for collisionsinvolving
the groundX

� 3

��

g� � stateof O2( ��� 1,j
ÿ
).
ù
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�
8
;��

that
 

thedimensionlessratio ��� j
t /����� j

t is not very sensitive
to
 

the detailsof the potential-energy surfacewhen the last
bound
8

stateof thevanderWaalscomplexis not too closeto
zero.

III. RESULTS

Figure4 showsthe ratio of inelasticto elasticcrosssec-
tion
 

asa functionof kinetic energy for collisionsof 3
 
He
�

with
H2
O (!#"%$ 0,

m
j
o
)
�
. The inelastic cross section includes contribu-

tions
 

from all possibledeexcitationchannels,and is greatly
reducedwhen the quasiresonant&('*) 1,+ j

o�,.-
2 transition

becomes
8

energetically disallowed.This occurs for transla-
tional
 

energiesin therange100–1000cm/ 1. Whenthetem-
perature� is belowthis energy range,therotationallyhot mol-
ecules� are significantly more stable against collisional
relaxation./ The curvesshownin Fig. 4, which areconsistent
with7 thosereportedpreviously 0 6"�1 ,� demonstratethat the 23 0
m

statesof the moleculeallow a wider rangeof rotational
levels
f

to be stable againstcollision 4 e.g.,� the 5%6 2
è

states
allowed� only the j

o87
22 level to be stableagainstcollision9

6
"�:<;

. For j
o�=

24, the >@?%A 1,B j
o�C.D

2 transition is energeti-
callyE allowedas the translationalenergy is reducedto zero.
Therefore,
S

the total inelasticcrosssectionis quite large for
j
o8E

24, and the ratio F in /
�HG

elã does
.

not give the steplikebe-
haviorshownin thefigure.Thesharpnessof thestepis great-
est� for j

o�I
22 and decreaseswith decreasingj

o
. The energy

where7 the step is located and the magnitudeof the ratioJ
in /
�HK

elã increases
$

with decreasingj
o
. Wignerthresholdbehav-

ior occursfor energiesbelow 10L 2 cmENM 1.
Figure
2

5 showstotal quenchingratecoefficientsfor colli-
sionsB of He with H2

O (!#O*P 0,
m

j
o
)
�

in thelimit of zerotemperature.
The
S

rate coefficients,which include contributionsfrom all
possible� deexcitationchannels,decreasesmoothly with j

o
with7 two obvious exceptions.When j

o�Q
12, the R@S%T 1,U j

o
V.W 4 transitionis energeticallyallowedandwe seea sudden

increasein the total quenchingrate coefficient for j
o�X

12.
Likewise,
Y

when j
o�Z

24,
è

the [@\%] 1,̂ j
o�_.`

2
è

transitionis en-
er� geticallyallowedandwe seea suddenincreasein the total
quenching9 ratecoefficientfor j

o�a
24. The qualitativebehav-

ior
$

of theratecoefficientsis identicalfor bothisotopesof the
helium
�

collision partner. The magnitudeof the curveis gen-
erally� controlledby the location of the most weakly bound
stateB of the three-bodycomplex.

Figure
2

6 showsthe total quenchingrate coefficientsfor
collisionsE of 4He with H2

O (!#b ,� jo )
�

in the limit of zerotempera-
ture.
 

The ratecoefficients,which includecontributionsfrom
all� possible deexcitationchannels,reveal a characteristic
curveE for c%d 0

m
that is different from the e%f 0

m
curveof Fig.

5.
G

The reasonis the availability of g@h%i.j 1 quasiresonant
transitions.
 

Like the k%l 0
m

case,it is the purerotationaltran-
sitionsB that dominate the quenching for j

o�m
7
d

. However,

FIG.
�

4. Ratioof inelasticto elasticcrosssectionasa functionof
translationalenergy for collisions of 3

n
He with H2(

ûpo�q
0,
_

j
ÿ
)
ù
. The

inelasticcrosssectionincludescontributionsfrom all possiblede-
excitationchannels.

FIG. 5. Quenchingrate coefficientsfor collisions of He with
H2( r�s 0,j

ÿ
)
ù

in the limit of zero temperature.The rate coefficients
includecontributionsfrom all possibledeexcitationchannels.

FIG. 6. Quenchingrate coefficientsfor collisions of 4He with
H2
� ( t , j

ÿ
) in the limit of zero temperature.The rate coefficientsin-

cludecontributionsfrom all possibledeexcitationchannels.
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when7 j
o8w

7
d

there is a strong contribution from the x@y%z{ 1,| j
o�}

4
�

transitionandthereis anupturnin thecurves.For
j
o8~

7
d

, the �@�%�.� 1,� j
o��

4
�

transitionis not energetically al-
lowed and thereis a sharpdownturnin the curves.When j

o
�

12, the �(�*� 1,� j
o��.�

4
�

transitionis energeticallyallowed
as� in the �%� 0

m
case,andwe seea suddenincreasein thetotal

quenching9 ratecoefficientfor j
o��

12. Unlike the �*� 0
m

case,
however, thereis a smoothincreasein theratecoefficientfor
13� j

o��
20.
è

This is dueto thedominant�(�%�.� 1,� j
o��

2
è

qua-
siresonantB transition.When j

o��
22 thereis a sharpdecreasein

the
 

total quenchingratecoefficientdueto the closingof the�@�%�.�
1,� j
o��

2 quasiresonanttransition. When j
o8 

24 ¡ 23
for
õ£¢%¤

2),
è

the ¥(¦*§ 1,̈ j
o�©.ª

2
è

transitionis energetically al-
lowed
f

asin the «*¬ 0
m

case,andwe seea sharpincreasein the
total
 

quenchingratecoefficient.
Figure7 showsquenchingratecoefficientsfor collisions

ofR 3
 
He
�

with D2
O (!#­*® 0,

m
j
o
)
�

andT2
O (!#¯%° 0,

m
j
o
)
�

in the limit of zero
temperature.
 

The characteristicbehavior is the sameas in
Fig.
2

5 for H2
O (!#±%² 0,

m
j
o
)
�
. As themomentof inertia is increased,

the
 

rotationalenergy spacingdecreasesandthe onsetfor the
openingR of quasiresonanttransitionsis pushedout to higher
values) of j

o
. The openingof the ³(´*µ 1,¶ j

o8·¹¸
4
�

transition
occursR at j

o8º
16 for D2(

!#»%¼
0,
m

j
o
)
�

and at j
o�½

19 for T2(
!#¾

¿ 0,
m

j
o
)
�
, whereasthe openingof the À(Á*Â 1,Ã j

o�Ä.Å
2
è

transi-
tion
 

occursat j
o�Æ

34
�

for D2
O (!#Ç%È 0,

m
j
o
)
�

and at j
o�É

42 for T2
O (!#ÊË 0,

m
j
o
)
�
. Becausepure rotational quenchingdecreasesexpo-

nentially with increasingj
o
,� the statesthat are most stable

against� collisional relaxation will be those stateswhose j
o

value) is thelargestpossiblevaluesuchthat Ì j
o�Í.Î

2Ï@Ð tran-
 

sitionsB are closed.This occursat j
o8Ñ

32
�

and j
o8Ò

40,
�

respec-
tively
 

, for D2
O and� T2

O . The quantitativeresultsfor D2
O and� T2

O
demonstrate
.

that the QRVR effect doesnot have a strong
dependence
.

on the momentof inertia of the molecule.In-
steadB the j

o
QR
(
Þ
nß )
à

and� j
o

D values) simply increaseandthe charac-
teristic
 

behavioris not affected.This is in contrastto previ-
ousR speculationsthat the effect would be most pronounced

for light systemsÓ 6,7
"ÕÔ

. Of course,if themomentof inertia is
large enoughthat j

o
QR
(
Þ
nß )
à×Ö

j
o

D ,� thenthe ns th-order
 

QRVR effect
mayK be absent.Also, the momentarm influencesthe rota-
tional
 

anisotropyof the interaction.The long-rangeanisot-
ropy in the potential-energy surfacemay be estimatedusing
the
 

relation Ø 30
�ÚÙ

VL Û R,�ÝÜ�Þàß.á C6
â

R
ã 6
â 1 ä

åçæéè¹êìë
íçîéï 2 ðìñ P2 ò cosE ó�ô ,� õ 11ö

where7 ÷ìø and� ùìú are� the respectivecomponentsof the di-
atomic� polarizability that are parallel and perpendicularto
the
 

internuclearaxis. If the momentarm is small, as in the
caseE of H2,� thentherotationalanisotropyûìü�ý¹þ ÿ tends

 
to be

smallB andthe purerotationalquenchingis lessefficient.
As discussedin Sec.II, the numericalvaluesof the cross

sectionsB andratecoefficientsarevery sensitiveto thedetails
ofR the potential-energy surface. Becausepotential-energy
surfacesB arenot designedfor ultracoldcollisions,it is useful
to
 

presentresultsof paramatersthatarenot assensitiveto the
details
.

of the surface.The ratio
�

/
���

is onesuchparameter.
Figures8–11 showresultsfor this parameterasa functionof
rotational/ level andenergy gapfor severalsystems.In Figs.8
and� 9, the imaginarycomponentincludesonly contributions
from pure rotational deexcitation. The curves are very
smoothB andtheexponentialdecaywith energy gapis clearly
seenB in Fig. 9. In Fig. 10, theratio � /

���
is
$

givenasa function
ofR j
o

for 4He collisionswith H2
O in the ��� 0

m
and 	�
 2 states.

The
S

rovibrationaltransitionsareincludedin the calculations
and� �
�

j
t containsE contributionsfrom all possibledeexcitation

channels.E A comparisonof Fig. 8 and Fig. 10 demonstrates
that
 

the structurein the curvesis a consequenceof allowed
and� forbiddenQRVR transitions.Therealpartof thescatter-
ing
$

lengthvariesslowly sothecharacteristicbehaviorof � /
���

is
$

similar to the total quenchingrate coefficientsshown in
Figs.5 and6.

FIG.
�

7. Quenchingrate coefficientsfor collisions of 3
n
He
�

with
D2( ��� 0,

_
j
ÿ
)
ù

and T2( ��� 0,j
ÿ
)
ù

in the limit of zero temperature.The
ratecoefficientsincludecontributionsfrom all possibledeexcitation
channels.

FIG. 8. Ratioof imaginaryto realpartof thecomplexscattering
length as a function of rotational level. The imaginarypart � j

� in-
cludesonly contributionsfrom pure rotational deexcitationchan-
nels.

PROSPECTSFOR COOLING AND TRAPPING. . . PHYSICAL REVIEW A 66
V

, 023411 � 2002
X �

023411-5



Figure
2

11 includesresultsfor H2 � H
�

2 and� He� O
á

2 colli-E
sions.B The He� O

á
2
O calculationsE were performedusing the

potential-ener� gy surfaceof Groenenboomand Struniewicz�
23
è��

. A full accountof the calculations,which agreewith
those
 

reportedby Balakrishnanand Dalgarnofor low rota-
tional
 

levels  24
è�!

,� will be given elsewhere.The H2
O#" H

�
2
O cal-E

culationsE were performedwithin the rigid-rotor approxima-
tion
 $

25% using& the interactionpotentialof Zarur andRabitz'
26
è�(

. The He) H
�

2 and� Ar * H
�

2 results/ were obtainedusing
the
 

potential-energy surfacesof Muchnick and Russek+ 27,
and� Schwenke,Walch andTaylor - 28. ,� respectively. The re-
sultsB for He/ O

á
2 showB that the decreasein relaxationeffi-

ciencyE with increasingj
o

is extremelyslow. Although it was
not- possibleto obtainconvergedresultsfor j

o10
40,
�

the trend

in
$

thedatasuggeststhat thequenchingwill remaintoo great
for any rotationallevel to be a viable candidatefor cooling
and� trapping.

IV. CONCLUSION

W
J

e haveperformeddetailedquantum-mechanicalcalcula-
tions
 

for cold collisionsof heliumatomswith hydrogen,deu-
terium,
 

andtritium molecules.Therotationaldistributionsof
the
 

total quenchingrate coefficientsshow a characteristic
behavior
8

that is independentof the rotational inertia of the
molecule.K The QR anddissociationrotationallevelsboth in-
creaseE with increasinginertia,but thecharacteristicbehavior
ofR the distributions is unaffected. From theseobservations
we7 may draw generalconclusionsaboutotherdiatomicsys-
tems
 

from the knowledgeof the term energies.If j
o

QR
(2)
Þ

is less
than
 

j
o

D
8 for a given vibrational level, then the zero-

temperature
 

collisionalquenchingmaybegreatlysuppressed
for
õ

j
o12

j
o

QR
(2)
Þ

. Many moleculeshave a value for j
o

QR
(2)
Þ

that
 

is
greaterT than j

o
D
8 . In this case,the 3�4 0

m
ratecoefficientsmay

stillB be significantly suppressedfor j
o15

j
o

D ,� but therecannot
be
8

any bound rotationally and6 vibrationally excited� mol-
ecules� that arestableagainstcollision.

Highly
�

rotationally excited moleculesmay be produced
overR a distributionof rotationallevelsusingan optical cen-
trifuge
 7

3
�98

orR in a singlestateselectedrotationallevel using
the
 

experimentalschemeproposedby Stwalley and co-
workers7 : 2è9; . It may also be possibleto use the collisional
properties� to producemoleculesin a single rotational level
for
õ

stateswith <>= 0
m�?

e.g.,� seethe @�A 2
è

curveof Fig. 6B . In
any� experimentalscheme,the key to producingrotationally
hot moleculesthat arestableagainstcollision is to cool the
moleculesK to temperatureswheretranslationalenergy cannot
be
8

usedto facilitate a QRVR transition.
The optical centrifugeallows the useof a cold gasas a

startingB point for the excitation.Cooling and trappingtech-

FIG. 9. Ratioof imaginaryto realpartof thecomplexscattering
length as a function of the energy gap betweeninitial and final
diatomicstates.The imaginarypart C j

D includesonly contributions
from purerotationaldeexcitationchannels.

FIG. 10. Ratio of imaginaryto real part of the complexscatter-
ing lengthasa functionof rotationallevel for collisionsof 4He

�
with

H2
� ( E , j

ÿ
) in the limit of zero temperature.The imaginarypart FHG j

D
includescontributionsfrom all possibledeexcitationchannels.

FIG. 11. Ratio of imaginaryto real part of the complexscatter-
ing lengthasa function of rotationallevel. The imaginarypart I j

D
includesonly contributionsfrom purerotationaldeexcitationchan-
nels.
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niquesthat rely on elasticcollisions could then be usedto
further reducethe translationaltemperatureof specificstates
ofR the molecule L 6"9M . Becausespecific rotationally hot mol-
ecules� arestableagainstcold collisions,it maybepossibleto
use& a gasof suchmoleculesasa meansof storingenergy. If
the
 

density of the gas is not too large, then the molecules
would7 decayprimarily throughquadrapoleradiation.In the
caseE of H2 the

 
lifetime for quadrapoledecaywhen 18N j

o
O

22
è

is typically 3–4 days P 29
è�Q

. The rate coefficientsfor
He-H
�

2
O and� H2

O -H2
O collisionsE suggestthat it may be possible

to
 

maintaina largedensityof moleculesfor thesevaluesof j
o

before
8

ultimately losing them to collisional or radiativede-
cayE .

W
J

e havealsoperformedcalculationsfor heliumcollisions
with7 highly rotationallyexcitedoxygenmolecules.Therota-
tional
 

anisotropyof the He-O2
O potential-ener� gy surfaceis

lar
f

ge enoughthat the purerotationalquenchingis very effi-
cientE at all valuesof j

o
that
 

were studied.Generally, strong
rotationalanisotropywill limit the possibilitiesfor cooling

and� trapping.The resultsreportedin this work suggestthat
hydrogenmoleculeswould offer thegreateststability against
collisionalE relaxation.However, theywould alsobe themost
difficult
.

to rotatebecausethe magnitudeof RTSVUXWHY is what
allows� the diatomicmoleculesto be spunto suchhigh rota-
tional
 

levels Z 1[ . In a practicalapplication,it may be desire-
able� to sacrificesomecollisional stability in order to gain
otherR advantages.For example,a moleculewith a magnetic
dipole
.

momentwould allow a convenienttrappingscheme\
10] . If the moleculeretainsenoughcollisional stability and

allows� enoughstateselectivity ^ e.g.,� the _�` 2, j
o1a

22 stateof
hydrogen
� b

,� then it is conceivablethat evaporativecooling
couldE be usedin an effort to reachBose-Einsteincondensa-
tion.
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