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Collisional
�

relaxationof highly rotatinghydrogenmoleculesis investigatedasa function of energy.Calcu-
lations
�

demonstratethat inelastic collisions are dramaticallysuppressedfor specific rotational levels of the
moleculeas the energyis lowereddue to the closing of quasiresonantrotation-vibrationchannels.It is pre-
dicted
�

thata 3
�
He buffer gasmaybe usedto loadthesehighly excitedmoleculesinto a trapwithout a significant

loss
�

of population.It is further predictedthat evaporativecooling may be usedto cool the ‘‘super rotors’’ to
even� lower temperatures.
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Recentexperimentalschemes� 1,2
 have been reported
that
�

producediatomicmoleculesin very highly excitedrota-
tional
�

levels. Theseso-called‘‘super rotors’’ may be pro-
duced
�

overa distributionof rotationallevels � 1� or� in a single
selected� rotational level � 2� . The collisional propertiesof
such� moleculesare expectedto be very interestingat low
temperatures
� �

2–4
� �

. In the caseof H2,� the ultracold colli-
sional� dynamicsof suchhighly rotatingmoleculesproduces
remarkablestructurein the distribution of the total quench-
ing
�

ratecoefficientversusthe rotationallevel. For example,
there
�

is a five orderof magnitudedecreasein the ratecoef-
ficient for the 22nd rotational level comparedto the sur-
roundinglevels � 3��� . This striking effect is dueto the closing
of� a classicallyquasiresonantchannel.Theeffect is believed
to
�

begeneralto anyatom-diatomsystem� 3�� ,� however,it will
be
!

mostpronouncedfor light diatomswhosemomentof in-
ertia" is small. The behavior may allow an experimental
scheme� to be developedfor translationallycooling andtrap-
ping# molecularsuperrotors.

Buffer gascooling hasbecomea standardtechniquefor
loading paramagneticatomsand moleculesinto a magnetic
trap
� $

5
%�&

. The samecooling mechanism,namely the elastic
collisions' with a cryogenicallycooled3

(
He buffer gas,could

also) beusedto cool moleculessuchasH2 that
�

do not possess
a) permanentmagneticdipole moment. Collisional experi-
ments* couldbeperformedby passinga beamof hot H2 mol-*
ecules" througha buffer gascell + 6,�- . Trappingthe molecules
would. be more difficult. One possibility would be to usea
nonresonant/ electric field as the trap. If the intensity of the
field
0

canbe madelargeenoughto compensatefor the small
polarizability,# thenthe highly rotatingmoleculeswould cor-
relatewith high-fieldseekingpendularstates1 72�3 and) becon-
fined
0

by an electric-fieldmaximumin free space.The feasi-
bility
!

of any cooling or trapping schemewill ultimately
depend
�

on thecollisional relaxationratesof thehighly rotat-
ing molecules.

The
4

term ‘‘super rotor’’ waspreviouslyintroduced5 2��6 to
�

describe
�

diatomic molecules in highly excited rotational
states.� At ordinary temperatures,thesemoleculesrelax with
great7 efficiency and may provide competitionfor the spin-
ning/ up processthat createdthem 8 49�: . In the presentwork,
we. investigatethe possibility for producingsuperrotorsthat
do
�

not relax as a result of collisions. The idea is to use a
highly rotating diatomic moleculewhoserotational level is

characteristic' of a quasiresonanttransition,but whosetem-
perature# is cold enoughthat the classically quasiresonant
channel' is closed.The efficiencyof collisional relaxationis
then
�

reducedby manyordersof magnitudecomparedto ‘‘or-
dinary’’
�

highly rotating molecules.If the decreasein relax-
ation) efficiencyoccurssharplyat a high enoughtemperature;
e.g.," above240 mK for 3

(
He)
<

, then it shouldbe possibleto
use= a buffer gasto cool thesuperrotorsandloadtheminto a
trap
�

without a significantloss in population.
The
4

collisions that areconsideredin this work areatom-
diatom
�

and diatom-diatom,where the atom is 3
(
He and the

diatom
�

is H2 in
�

a highly excitedrotationallevel. The calcu-
lations of atom-diatomcollisions are neededto determine
whether. a 3

(
He
<

buffer gascanbeusedto cool thesuperrotors
to
�

thepoint wheretheybecomestableagainstcollisions.The
calculations' of diatom-diatomcollisionsareneededto deter-
mine* whetherevaporativecooling could be usedto further
cool' the moleculesassumingthey have been trapped.All
resultsdescribedin this work wereobtainedfrom fully quan-
tum
�

mechanicalcalculationsusingthe generalpurposescat-
tering
�

programMOLSCAT
> ? 8@�A .

Figure
B

1 showsthe productof the crosssectionand the
relativevelocity for 3

(
HeC H2

D collisions' asa function of the
initial
�

kinetic energy.The upperset of curvesis for elastic
collisions' and the lower set is for the sum of all possible
inelastic
�

collisions. The moleculeis initially in the state EF 2, j
GIH

22, where J and) j
G

are) the respectivevibrationaland
rotational quantumnumbers.Convergencetests were per-
formed
K

by using a sufficiently large rovibrationalbasisset
and) varyingthetotal angular-momentumquantumnumberJ

L
.

Good
M

convergenceis obtainedfor all of the energiesshown
when. J

L
is summedfrom 20 to 24. Similar convergencepat-

terns
�

werefound for other initial statesof the molecule.Al-
though
�

the resultshave not beenthermally averaged,it is
clear' that the rate coefficientsfor elasticand inelasticscat-
tering
�

of the NPO 2,
�

j
GRQ

22
�

state will be in the vicinity of
10S 10 cm' 3

(
s�UT 1 and) 10V 16 cm' 3

(
s�UW 1,� respectively.

Figure
B

2 showsthe ratio of inelasticto elasticcrosssec-
tions
�

for 3
(
HeX H2 collisions' as a function of the initial ki-

netic energy.Comparedto surroundingrotationallevels,the
ratiosY for the j

G[Z
22
�

level aredramaticallyreducedat energies
below
!

10 cm\ 1. This is due to the closing of classically
quasiresonant] ^ j

GR_a`
2
�cbed

channels' astheenergyis lowered.
The relaxationefficiencydropsby 5–6 ordersof magnitude
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for
K

a moleculein the j
G[s

22
�

state.At this point thesuperrotor
become
!

stableagainstcollision. The effectoccurssharplyin
an) energyrange t 10–200 cmu 1v that

�
is larger than the 240

mK temperaturelimit achievableusing a 3
(
He buffer gas.

Therefore,
4

it shouldbe possibleto usethe buffer gascolli-
sions� to cool the j

G[w
22
�

superrotorsandload theminto a trap
without. a significantloss in population.

Becausecold j
G[x

22 super rotors cannot efficiently ex-
change' vibrational energy, it is sufficient to approximate
them
�

as rigid rotors when consideringdiatom-diatomcolli-
sions.� Evenwithin the rigid rotor approximation,it becomes
impracticalto performfull quantummechanicalcalculations

for large valuesof j
G
. Figure 3 shows the relaxationcross

section� for H2(
y
j
GRz

2) { H2(
y
j
GR|

2) as a function of transla-
tional
�

kinetic energy.Thesolid curveis for onediatommak-
ing
�

a } j
GR~a�

2
�

transition,and the dashedcurve is for both
diatoms
�

making a � j
GR�a�

2
�

transition. The circles are ob-
tained
�

from calculationsof Green � 9��� using= detailedbalance.
The hump that occursin both curvesjust above1 cm� 1 is
due
�

to the presenceof the van der Waalswell, which accel-
erates" the moleculesinto the interactionregionwhenthe ki-
netic energyis lessthan the depthof the well � 10� . Below
10� 2 cm'�� 1 the

�
s-wavecontributionsdominatethecrosssec-

tion
�

asthe Wigner thresholdregionis approached.
Figure4 showsthe realandimaginarycomponentsof the

complex' scatteringlengthfor H2(
y
j
G

1)
���

H
<

2(
y
j
G

2)
�

collisionsasa
function
K

of j
GI�

j
G

1 � j
G

2
D . The real part of the scatteringlength�

shown� by the trianglesfor j
G[�

2,4,6,8
� �

is
�

a measureof the
zerotemperatureelasticscatteringcrosssection.The imagi-
nary part of the scatteringlength is a measureof the total
inelastic
�

ratecoefficientat zero temperature.In thesecalcu-
lations,
�

it wasassumedthat thediatomswerepolarizedsuch
that
�

thetotal angular-momentumquantumnumberis equalto
j
G

1 � j
G

2
D . Figure 4 shows that the imaginary componentis

dominated
�

by the � j
G

1 �a� 2, � j
G

2 � 0
�

transition.Becausethe
computational' effort scalesasthe 12th powerof the highest
rotationalY level includedin the basisset � 9��� ,� it is impractical
to
�

perform calculationsfor high valuesof j
G
. However,rea-

sonable� estimatesmay be obtainedusingan exponentialen-
ergy" gapfit � 11� . Figure4 showsthat the imaginarypart of
the
�

scatteringlengthis completelynegligiblefor largevalues
of� j
G
. This suggeststhat it shouldbepossibleto evaporatively

cool' a sampleof trappedsuperrotorswithout significantloss
due
�

to relaxation.
Adiabatic
 

invarianceprovides a theoretical justification
for the predictionsdescribedhere.If the phasespaceof the
atom-diatom) systemcontainslarge isolatednonlinearreso-

FIG. 1. Convergencetestsfor 3
�
He¡ H2 collisions¢ asa function

of kinetic energy.The upperset of curvesis for elasticcollisions
andthe lower set is for the sumof all possibleinelasticcollisions.
The moleculeis initially in the stateof £j¤ 2, j

¥§¦
22.
¨

Goodconver-
genceis obtainedwhen the total angularmomentumJ

©
is summed

from 20 to 24.

FIG. 2. Ratioof inelasticcrosssectionfor 3
�
Heª H2 collisionsas

a function of kinetic energy.The ratios for j
¥§«

22 are dramatically
reducedwhenthe classicallyquasiresonantrotation-vibrationchan-
nelsareclosed.This occursat energiesbetween10 and200 cm¬ 1.­

FIG. 3. Energy dependenceof the rotational relaxationcross
sectionfor H2(

®
j
¥°¯

2) ± H2( j
¥°²

2). The solid curveis for onediatom
makinga ³ j

¥°´¶µ
2 transition,andthe dashedcurveis for both dia-

toms making a · j
¥°¸¶¹

2 transition.The circles are obtainedfrom
the calculationsof Green º 9»q¼ usingdetailedbalance.
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nances,then the classicaltrajectorieswill be governedby
veryÀ strongpropensityrules Á 12,13ÂÄÃ e.g.," Å j

GIÆaÇ
2
�ÉÈeÊ

dis-
�

cussed' aboveË . Thesepropensityrules typically hold well
beyond
!

thepoint of resonantrotation-vibrationenergytrans-
fer,
K

producingcrosssectionsthat arevery largeandspecificÌ
13Í . If the dominantquasiresonantchannelis energetically

closed' for a particular rotation level, then there will be a

strong� suppressionof the total quenchingcrosssectionfor
this
�

level comparedto neighboringlevels.
The correlationbetweenÎ j

G
and) ÏÑÐ that

�
is found in qua-

siresonant� classicaltrajectoriesat ordinarytemperaturesÒ 13Ó
is
�

also found at ultracold temperaturesÔ 3��Õ . However,in the
ultracold= case,the magnitudesof Ö j

G
and) ×ÑØ are) small frac-

tions
�

that canneverbe achievedwith quantizedvaluesof Ù
and) j

G
. Nevertheless,the quantum-mechanicalcrosssections

are) extremelyspecificand efficient when the quasiresonant
channels' are open,and the total quenchingcrosssectionis
strongly� suppressedwhen the quasiresonantchannelsare
closed.' This is consistentwith the idea that classicaltrajec-
tories
�

providea coarse-grainingmechanismthatmaybeused
together
�

with energyand angular-momentumconstraintsto
describe
�

the atom-diatomcollisions Ú 14Û .
It
Ü

shouldbe notedthat potentialenergysurfacesare not
generally7 designedfor ultracold interactions.However,cal-
culations' that employapproximatesurfaceswill still be reli-
able) whenthecollision preservestheadiabaticityof the total
classical' action.This meansthattheinteractioncannotbetoo
strongly� impulsive.Most atomic and molecularinteractions
satisfy� this criterion.Furthermore,the ratio of real to imagi-
nary/ partof thecomplexscatteringlengthprovidesa dimen-
sionless� parameterthat is lesssensitiveto the detailsof the
potential# energy surface than the individual state-to-state
cross' sections.It is this parameterthatultimatelydetermines
whether. evaporativecooling is possible,and in the caseof
H2 super� rotors,it is favorable.

This
4

work wasfundedby NSF GrantNo. PHY-0070920.
I
Ü

would like to thankN. Balakrishnan,A. Dalgarno,andB.
Friedrichfor carefulreadingof the manuscriptandfor help-
ful suggestions.

Ý
1Þ J.
ß

Karczmarek,J. Wright, P. Corkum, and M. Ivanov, Phys.
Rev.
h

Lett. 82
à

, 3420 á 1999â .­ã
2ä J.
ß

Li, J. T. Bahns,and W. C. Stwalley, J. Chem.Phys.112
å

,
6255
æ ç

2000è .­é
3ê R. C. Forrey,N. Balakrishnan,A. Dalgarno,M. Haggerty,and

E.
ë

J.Heller,Phys.Rev.Lett. 82, 2657 ì 1999í ;î Phys.Rev.A ï toð
be
ñ

publishedò .­ó
4ô A. J. McCaffery, J. Chem.Phys.113, 10 947 õ 2000ö .÷
5ø J.
ß

D. Weinstein,R. deCarvalho,T. Guillet, B. Friedrich,andJ.
M.
ù

Doyle,Nature ú London
û ü

395,ý 148 þ 1998ÿ ; R. deCarvalho,J.
M.
ù

Doyle, B. Friedrich,T. Guillet, J. Kim, D. Patterson,andJ.
D. Weinstein,Eur. Phys.J. D 7, 289 � 1999� .­�

6� B. Friedrich � privatecommunication� .­�
7� B.
�

FriedrichandD. R. Herschbach,Phys.Rev.Lett. 74
	

, 4623

1995� ; B. Friedrich,Phys.Rev.A 61, 025403 � 2000

¨ 

.�

8� J.
ß

M. HutsonandS. Green,MOLSCAT computercode,Version

14 � 1994� ,ý distributedby CollaborativeComputationalProject
No.
�

6 of the Engineeringand Physical SciencesResearch
Council
� �

UK � .­�
9� S.
�

Green,J. Chem.Phys.62
�

,ý 2271 � 1975� .­�
10� N.
�

Balakrishnan,A. Dalgarno,and R. C. Forrey, J. Chem.
Phys.
f

113
å

,ý 621 � 2000� .­�
11 T.
!

A. BrunnerandD. E. Pritchard,Adv. Chem.Phys.50
"

, 589#
1982$ .%

12& W.
'

J. Hovingh and R. Parson,Chem. Phys. Lett. 158, 222(
1989) .*

13+ B. Stewart,P. D. Magill, T. P. Scott, J. Derouard,and D. E.
Pritchard,Phys.Rev. Lett. 60

�
, 282 , 1988- ; P. D. Magill, B.

Stewart,
�

N. Smith,andD. E. Pritchard,ibid.
.

60
�

,ý 1943 / 19880 .­1
142 A.
3

J. McCaffery and R. J. Wilson, Phys. Rev. Lett. 77
	

, 4ý 84
19965 .

FIG. 4. Realandimaginarycomponentsof thecomplexscatter-
ing length for H2

6 ( j
¥

1) 7 H2
6 ( j
¥

2
6 )8 collisions as a function of initial

rotationalquantumnumber.Theimaginarypart is dominatedby the9
j
¥

1 :<; 2, = j
¥

2 > 0
½

transitionandmaybe extrapolatedusinganex-
ponentialenergygap fit. The real part ? triangles

ð @
decreasesvery

slowly with increasingrotation.
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