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Quantum
�

mechanicalcoupledchannelscatteringcalculationsareperformedfor the ro-vibrational
relaxation� of CO in collisionswith ultracoldHe atoms.The van der Waalswell in the interaction
potential� supportsa numberof shaperesonanceswhich significantly influencethe relaxationcross
sections� at energiesless than the well depth.Feshbachresonancesare also found to occur near
channel	 thresholdscorrespondingto the j


��
1 rotational level in the 
�� 0

�
and ��� 1 vibrational

levels.
�

Their existenceinfluencesdramaticallythe limiting valuesof the elastic scatteringcross
sections� and the rotationalquenchingrate coefficientsfrom the j


��
1 level. We presentcomplex

scattering� lengthsfor severallow lying rotationallevelsof CO which characterizeboth elasticand
inelasticcollisionsin the limit of zerotemperature.Our resultsfor thevibrationalrelaxationof CO
(
�����

1) are in good agreementwith available experimentaland theoretical results. © 2000
�

American
�

Institute of Physics. � S0021-9606
� �

00
�! 

01526-9
� "

I.
#

INTRODUCTION

The
$

possibilityof creatingcoherentsourcesof molecular
condensates	 similar to thoseof atomic Bose–Einsteincon-
densates
%

hasgeneratedmuch interestin low energyatomic
and& molecular collisions. Several review papershave ap-
peared� recently.1–4 A

'
major problemthat confrontsexperi-

mental efforts to cool and trap molecules is collisional
quenching( of ro-vibrational levels leading to trap loss. To
help
)

designa stablesourceof molecularcondensates,the
efficiency* of rotational and vibrational transitionsin mol-
ecules* at ultracoldtemperaturesneedsto be investigated.

Techniques based on photoassociationspectroscopy
mostly+ employultracoldalkali metalatomsasprecursors.5–8

,
They producetranslationallycold moleculesin highly ex-
cited	 vibrational levels. In contrast,the buffer gas loading
technique
-

of Doyle andco-workers9,10
.

which/ is applicableto
any& paramagneticmoleculeemploysa buffer gasof 3

0
He
1

to
cool	 the moleculesto a temperatureof about250 mK in a
magnetictrap. A methodto slow down neutral polar mol-
ecules* usinga time-varyingelectricfield 2 Stark

�
decelerator3

has
)

also been proposed11,12 and& applied by Meijer and
co-workers	 11 to

-
slow down metastableCO molecules.

Regardlessof the specificexperimentalscheme,the ef-
ficiency
4

of cooling dependson the relativemagnitudeof the
elastic* andinelasticscatteringcrosssections.Elasticscatter-
ing involves momentum transfer collisions between the
buffer
5

gas and the moleculeswith no changesin internal
quantum( states.Inelastic atom-moleculecollisions involve
changes	 in ro-vibrationalenergylevelsof the moleculeand
the
-

energyreleasedmay be ordersof magnitudelarger than
the
-

typical depth of the traps which is about 1 K. Hence
inelastic
6

collisions generally lead to trap loss. Theoretical
studies� of elastic and inelastic scatteringat ultracold tem-
peratures� havebecomecrucial in addressingmanyissuesre-

lated
�

to the experimentsand also in identifying systems
which/ may be potential candidatesfor future experiments.
Several
�

applicationsof ultracold moleculeshavebeensug-
gested7 which include molecularspectroscopywith unprec-
edented* resolution, coherentsourcesof molecular beams,
and& thedeterminationof moreaccurateintermolecularpoten-
tials.
-

We
8

haveexploredseveralaspectsof ro-vibrationalen-
ergy* transfercollisionsat ultracoldtemperatures13–18 by

5
car-

rying� out calculationson the benchmarksystemsH 9 H
1

2
: and&

He
1<;

H
1

2. Thestudiesshowedthatro-vibrationalenergytrans-
fer can be extremelyefficient at ultracold temperaturesand
that
-

it is sensitiveto theinitial ro-vibrationalenergylevels.It
was/ shownthat13,15 the

-
energytransfercrosssectionsobey

threshold
-

laws in the limit of zero collision energy.This
property� was usedto constructa complexscatteringlength
for
=

inelastic collisions in which the imaginary part of the
scattering� lengthwasrelatedto thezero-temperaturevalueof
the
-

inelasticquenchingrate coefficient.With the aid of the
complex	 scatteringlength,a kinetic modelwasconstructed17

for
=

describingthedecayof trappedmoleculesin anultracold
sample� taking into accountboth collisional quenchingand
vibrational> ? and& rotational@ predissociation.� It was shown
that
- 15,16 timescales

-
for vibrationalandrotationalpredissocia-

tion
-

can be extractedfrom the complex scatteringlength.
The calculationsso far have focusedon homonucleardia-
toms.
-

Here we investigatethe energytransfer in a hetero-
nuclearA systemtaking HeB CO

C
asan example.

TheHe–CO systemhasbeenthesubjectof a largenum-
ber
5

of experimentaland theoreticalinvestigations19,21–29 es-*
pecially� in determiningthe vibrational relaxationefficiency
in mixturesof He andCO. Recently,Reid etD al.21,26,27have
published� a numberof papersaddressingthe anomalousbe-
havior
)

of the rate coefficient for vibrational relaxation of
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CO(
C F�G

1) by collisionswith both 3
0
He and4He. They found

that
-

the rate coefficientsexhibited an upward turn at tem-
peratures� of theorderof thewell depthof thevanderWaals
interactionpotentialbetweenHe andCO.This wasattributed
to
-

a seriesof scatteringresonancesthat were seenin the
energy* dependentcrosssectionat energieslessthanthewell
depth.
%

Therearesignificantdiscrepanciesbetweentheir mea-
sured� andcalculatedratecoefficientsat temperaturescompa-
rable� to thevanderWaalswell depthwhich is approximately
30
H

K for He–CO.
We
8

considerthe vibrational relaxationof CO by colli-
sions� with 4He at ultracold and low temperatures.With a
coupled	 channelscatteringformulation,we obtainedrateco-
efficients* in better agreementwith the measuredvaluesat
low temperaturesthanthe coupled-statescalculationof Reid
etD al.26,27

:
though
-

our resultsapproachthoseof Reid etD al. as&
the
-

temperatureis increased.
The
$

paperis organizedas follows: In Sec.II we briefly
describe
%

the methodology.The resultsand discussionsare
given7 in Sec.III anda summaryandconclusionsin Sec.IV.

II. METHOD

The
$

quantum mechanicalscatteringcalculationswere
carried	 out using the nonreactive scattering program
MOLSCAT30

0
suitably� adaptedto the presentsystem.We

adopted& the He–CO interactionpotentialof HeijmenetD al.25
:

because
5

it includesthe variation of the interactionpotential
with/ respectto the stretchingof the CO bond. It is also
considered	 to be superiorto the other potentials19,23,24 that

-
are& availablefor this systemespeciallyin reproducingthe
bound
5

stateenergiesof the He–CO complex.The potential
hasa van der Waalsminimum of I 23.734cmJ 1 at& a sepa-
ration of 3.46 Å betweenHe and the centerof massof CO
with/ a skew angle of 48.4° and with the CO bond length
fixed
4

at its equilibrium valueof rK eLNM 1.128Å . The scattering
calculations	 were carriedout by expandingthe angularde-
pendence� of the potentialin Legendrepolynomialsretaining
terms
-

of all ordersup to 14. The resultswere found to be
insensitiveto additionaltermsin the expansion.A 15-point
Gauss
O

–Legendrequadraturewasusedto projectout the ex-
pansion� coefficients.For the CO molecule,we usedan ex-
tended
-

Rydberg potential31
0

VCO
P (
�
r)
QSRUT

DeLWV 1 XZY i [ 1
3
0

a\ i ] i ^_
exp(* ` a\ 1a )Q with theparametersa\ i b 3.897

H
Å c 1,d 2.305Å e 2,d

and& 1.898Å f 3
0

for i
gih

1 j 3,
H

respectively,wherethedissocia-
tion
-

energyDeL is takento be11.226eV and kml r n reL is the
displacement
%

from theequilibriumbonddistance.Thevibra-
tional
-

wavefunctionsof theCO moleculewerecomputedin
a& basis set of Hermite polynomials. A 10 point Gauss–
Hermitequadraturewasemployedto evaluatethe matrix el-
ements* of the potentialbetweenthe vibrational wave func-
tions.
-

Due to the large number of closely spacedrotational
levelsof theCO molecule,theconstructionof anappropriate
rotor� basissetwas importantin making the calculationsaf-
fordable.
=

We included rotational levels j

�o

0 – 2
�

5 in the pq 0
�

and r�s 1 vibrational levels.Therearesevenadditional
rotationallevelsin the t�u 0

�
level belowthe v�w 1 threshold.

Their
$

inclusionin thescatteringcalculationdid not influence
the
-

resultsat theenergiesinvestigatedhere.With thesebasis
sets,� we believe the crosssectionspresentedhereare con-
verged> to within 5%.

The
$

coupled-channelSchrödinger
%

equationsweresolved
usingx the R

y
-matrix method.32

0
The
$

crosssectionsfor transi-
tions
-

from an initial vibrational–rotational level labeledby
quantum( numbers z j



to
-

a final level labeled by quantum
numbersA {}| j
�~ can	 beexpressedin termsof thecorresponding
S
�
-matrix elements33,34
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where/ J
¢

and& l
Õ

are,& respectively,the total and the orbital an-
gular7 momentumquantumnumbers.The primed quantities
denote
%

their unprimedcounterpartsafter the collision. The
wave/ vector for the incoming channel is defined as k

��Ö
j
�×ÙØ 2 Ú (

�
E ÛUÜiÝ j

� )/QÍÞ where/ E is the total energy, ßià j
� is the

eigen* energyof the initial ro-vibrationalstateand á is the
three-body
-

reducedmass.The kinetic energyin the initial
channel	 is given by E

��â
j
�äãæå 2k

��ç
j
�2: /(2
èêé

).
Q

The
$

total de-excitationë quenching( ì cross	 sectionfrom a
given7 initial stateis given by

í�î
j
�inïñð E��ò j

��óSôöõ÷�ø j�úùüû�ý j
��þ�ÿ��

j
��� � E��� j

��� ,d 	 2��

where/ the summationincludes both vibrationally inelastic
and& purerotationallyinelastictransitionsbut excludespurely
elastic* ��
 j
������ j



transitions.
-

The quenchingratecoefficients
are& obtainedby averagingthe crosssectionsover a Boltz-
mann distribution of velocities of the incoming atom at a
specified� temperatureT:

rK�� j
��� T������� 8 k

�
BT
�

/
è�!#"%$ 1/2

1&
k
�

B
' T
��( 2
:

0
�
)+* , j

�in - E��. j
��/

0
exp*2143 E 5 j

� /
è
k
�

B
' T 6 E 7 j

� dE
8:9

j
� ,d ; 3H�<

where/ k
�

B is
6

the Boltzmannconstant.
Vibrational
=

relaxationrate coefficientsaveragedover a
thermal
-

populationof rotational levels in the initial vibra-
tional
-

level aregiven by

r >@? T A�B
C

j
��D 2� j

+E

1 F exp*HGJI�K4LJM
j
�JNPO4Q

0
��R /è k� B

' T
�TSJUWV�XZY\[

, j
��] rK�^ j

�`_badc
j
��egf T��hi

j
��j 2 j

+k

1 l exp*2mJn�o4p4q
j
�JrtsJu

0
��v /è k� BT w ,d x 4y
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where/ the state-to-stateratecoefficientsr z j
�`{%|�}

j
��~ (� T)

Q
areob-

tained
-

by replacing �#� j
�in (
�
E � j
� ) b
Q

y �# � j
�`�b���

j
��� (� E � j

� )Q in Eq. � 3H�� ,d
and& thesummationover j



includesall theoccupiedrotational

levels.
�

In
�

the limit of zero kinetic energy,it is convenientto
express* the scatteringcrosssectionin terms the scattering
length.The scatteringlength is real for singlechannelscat-
tering
-

where purely elastic scatteringoccursbut it has an
imaginary
6

part when two or morechannelsareopendue to
the
-

presenceof inelasticscattering.The complexscattering
length may be written a\�� j

�J�t�+�
j
�J� i

gZ���
j
�4��� limk

���
j
��� 0
� (� S�\� j

�
,� j
�� 1)/2ik

g� 
j
� ,d where ¡£¢ j

� and& ¤�¥
j
� are& the real and imaginary

parts� of thescatteringlengthandS
�\¦

j
�
,§ j
� is anelementof theS

�
matrix correspondingto the initial channel.

The
$

elasticcrosssectionbecomesfinite in the zero en-
ergy* limit andits magnitudeis given by

¨#©
j
�`ª%«

j
��¬ E��­ j

�4® 0
�£¯�°

4
±�²´³4µ£¶

j
�2 ·¹¸�º

j
�2 » . ¼ 5½�¾

In
�

the limit of zero temperature,Wigner’s law35
0

holds
)

and& the quenchingrate coefficientsattain finite values.The
imaginarypart ¿�À j

� ofÁ the scatteringlength is relatedto the
total
-

inelasticquenchingcrosssectionÂ#Ã j
�inï in thelimit of zero

velocity:> 14

Ä�Å
j
�4Æ lim

�
k
��Ç

j
��È 0
� k
�@É

j
�ËÊ#Ì

j
�inï

4
±�Í Î 6Ï�Ð

and& the zerotemperaturequenchingratecoefficientis given
by
5 14,15

r Ñ j
�JÒ T Ó 0

�£Ô�Õ
4 Ö�×�Ø j

�`Ù /
è`Ú

. Û 7Ü�Ý
The
$

predissociationlifetime of any Feshbachresonance
formed
=

during the collision can be obtainedfrom the com-
plex� scatteringlengthaccordingto14

Þ4ß
j
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�Jå 4/
è�æ

2
�èçêé£ë

j
�íì�î

j
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j
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2
�
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�������
j
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Hencethe lifetime is given in termsof theratio between
the
-

limiting valuesof theelasticcrosssectionandthe inelas-
tic
-

quenchingratecoefficient.The predissociationlinewidth
��
j
��
�� /

è����
j
� .

III.
#

RESULTS AND DISCUSSION

Cross
C

sectionsfor elasticscatteringandrotationallyand
vibrationally> inelastic scatteringare computedas functions
ofÁ the center of mass kinetic energy in the range
10� 5

,
–1050.0cm� 1. At the lowestenergy,only s� -wavescat-

tering
-

occurs in the incident channel.Higher angularmo-
mentumpartialwavesareincludedfor E � j

��� 10� 3
0

cm	�� 1 with/
J
¢��

0
�

–1 for 0.001� E
� �

j
��! 0.01

�
cm" 1,d J

¢�#
0
�

–6 for 0.01$
E
�&%

j
��' 1.0cm( 1,d J

¢�)
0
�

–10 for 1.0* E
�&+

j
��, 10.0cm- 1,d J

¢
. 0
�

–24 for 10.0/ E 0 j
��1 100.0cm2 1,d and J

¢�3
0 – 4
�

0 for
100.04 E 5 j

��6 1050.0cm7 1 to
-

secureconvergenceof thecross
sections� in Eq. 8 19 .

At
'

incidentenergiesbelowthevanderWaalswell depth
the
-

crosssectionsexhibit oscillationsas a function of the
kinetic energythat arecharacteristicof resonances.The na-
ture
-

of the oscillationsandtheir role in determiningthe low
temperature
-

ratecoefficientshavebeenthesubjectof several

recent� investigationsby Reid etD al.21,22,26,27
:

who/ identifieda
numberA of shaperesonancesin the energyrangeof 0.1–15
cm	�: 1. We find that both shaperesonancesand Feshbach
resonancesoccur and that the presenceof Feshbachreso-
nancesA greatlyinfluencesthelow energyscatteringcrosssec-
tions.
-

In Fig. 1 we showtheelasticscatteringcrosssectionin
the
- ;=<

0,
�

j

�>

0
�

channelnearthe openingof the ? @ 0,
�

j

�A

1
level. The different angularmomentumpartial wavescon-
tributing
-

to the resonancesare labeledin the figure. The l
Õ

B 4
±

and the l
ÕDC

5
½

resonancesare shaperesonanceswhereas
the
-

narrow l
Õ�E

1 resonanceis a Feshbachresonance.The in-
set� showsa magnifiedview of the Feshbachresonance.The
cross	 sectionvaries by about 40 Å2 in

6
the narrow energy

range� of the Feshbachresonanceand it exhibits a cuspex-
actly& at the F G 0,

�
j

�H

1 thresholdmarkedby the vertical line
in the inset. This is the Wigner cusp,which occursat the
openingÁ of a channel.

The
$

presenceof theFeshbachresonanceshownin Fig. 1
hasdramaticconsequenceson the elasticand inelasticscat-
tering
-

in the I J 0,
�

j

�K

1 channelas the kinetic energyap-
proaches� zero. In Fig. 2 we comparethe elastic scattering
cross	 sectionsin the j


�L
0
�

and j

�M

1 levels in N O 0
�

as func-
tions
-

of the centerof masskinetic energy.Due to the pres-
ence* of the Feshbachresonance,the limiting value of the
elastic* crosssectionin the j


�P
1 channelis threeordersof

magnitudelarger than that in the j

�Q

0
�

level. The rotational
quenching( cross section of the j


�R
1 level and the corre-

sponding� rate coefficientare shownin Fig. 3 and they also
assume& largevaluesin the limit of zerovelocity due to the
Feshbachresonance.The quenchingratecoefficientis finite
in the limit T S 0

�
becausethe correspondingcrosssection

varies> inversely as the velocity. The zero temperature
quenching( ratecoefficientis 2.4T 10U 10cm	 3

0
s�WV 1 which/ is of

the
-

orderof gaskinetic values.
A similar Feshbachresonanceis foundto existbelowtheX Y 1, j

�Z

1 thresholdas shownin Fig. 4 wherewe plot the
elastic* scatteringcrosssectionin the [=\ 1, j


�]
0
�

channelin

FIG. 1. Elastic scatteringcrosssectionin the ^`_ 0, j
acb

0 level of CO in
collisionswith 4

d
He asa function of the kinetic energy.The resonancesare

labeledby the correspondingpartial waves.The inset showsa Feshbach
resonancee in thevicinity of theopeningof the f`g 0, j

a	h
1 level.Thevertical

line in the insetcorrespondsto the j
a	i

1 threshold.

623J.
j
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the
k

vicinity of the l=m 1, j

�n

1 threshold.The effect of this
Feshbachresonanceon the low energyquenchingcrosssec-
tion
k

from the o p 1, j

�q

1 level will be discussedbelow.
The
r

vibrationalquenchingcrosssectionsarevery small
compareds to purerotationalquenchingcrosssections.This is
due
t

to theweakdependenceof the interactionpotentialwith
respectu to the stretchingof the CO bond comparedto the
angularv anisotropy.Figure5 showsthe quenchingcrosssec-
tion
k

givenby Eq. w 2x for the y=z 1, j

�{

0
|

level asa functionof
the
k

relativetranslationalenergy.Thenarrowoscillationsthat
arev seenin the energyrangeE

�&}
j
��~ 0.1
|

–10.0cm� 1 arev dueto
shape� resonancessupportedby thevanderWaalsinteraction
potential.� In the limit of zero energy,only the s� -wave con-
tributes
k

andthecrosssectionapproachestheinversevelocity

dependence
t

of Wigner’s law. In Table I we compareour
resultsu with thoseobtainedby Reid etD al.26 atv energiesbe-
tween
k

5.0 cm� 1 andv 1050.0cm� 1. Reid etD al. used� the same
interactionpotential employedin this study but adopteda
coupled-statess formalismfor the scatteringcalculations.The
discrepancy
t

is nevermorethana factorof 2 andlessenswith
increasein energy.

Reid
�

etD al.26
:

have
�

presentedgraphically � � 1 quenching
rateu coefficientsby 4He

�
down to a temperatureof 10 K. The

figure shows a rate coefficient decreasingmonotonically
down
t

to a value of about1.0� 10� 20cms 3
0

s�W� 1. In Fig. 6 we
show� the quenchingratecoefficientgiven by Eq. � 3�	� for

�
the� � 1, j


��
0
|

and � � 1, j

��

1 levels as functionsof the tem-
perature� in the range10� 5

,
K to 100 K. The temperaturede-

pendence� andthe magnitudeof the two ratecoefficientsare
very� similar for T

���
30
�

K but surprisingly different for T
�

�
30
�

K. The value of the rate coefficient is about 2.5�
10� 20

:
cms 3
0

s��� 1 atv 30 K. With subsequentdecreaseof tem-

FIG. 2. Comparisonof the elastic scatteringcrosssectionin the �`  0, j
a

¡ 0 ¢ full curve£ and ¤`¥ 0, j
a	¦

1 § dashedcurvë levels of CO in collisions
with 4He as a function of the kinetic energy.The enhancementby three
ordersof magnitudefor the limiting valueof the crosssectionin the j

ac©
1

level is dueto the Feshbachresonanceshownin Fig. 1.

FIG.
ª

3. Upperpanel:crosssectionfor quenchingof the «`¬ 0, j
a	­

1 level of
CO in collisionswith 4He asa function of the kinetic energy.Lower panel:
Correspondingratecoefficientasa function of the temperature.

FIG. 4. Feshbachresonancein the elasticscatteringcrosssectionin the ®¯ 1, j
a	°

0 level below the openingof the ±`² 1, j
a	³

1 level shownby the
vertical line. The energyis relativeto the ´`µ 1, j

a	¶
0 level.

FIG.
ª

5. Crosssectionfor the quenchingof the ·`¸ 1, j
a	¹

0 level of CO in
collisionswith 4He asa function of the kinetic energy.
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perature� bothattaina local minimumnear20 K andrise to a
local maximum between0.7–1.0 K. The j


�º
0
|

rate coeffi-
cients dropswith furtherdecreaseof temperatureandeventu-
allyv attains a limiting value of 6.5» 10¼ 21cms 3

0
s�W½ 1 for

�
T
�

¾
10¿ 3

0
K.
À

The j

�Á

1 ratecoefficientalsodropsto a minimum
value� of 3.4Â 10Ã 20

:
cms 3
0

s�WÄ 1 atv about0.3 K but it increases
dramatically
t

with further decreaseof temperaturereachinga
limiting
Å

value of about 9.0Æ 10Ç 19cms 3
0

s�WÈ 1 atv T
�ÊÉ

10Ë 5
,

K.
À

The
r

initial upturn of the rate coefficientsafter reachinga
minimum valuenear20 K is dueto the presenceof the van
der
t

Waalswell which acceleratestheparticlesinto the inter-
actionv zone as the incident kinetic energy falls below the
wellÌ depth.The resonancesin the crosssection Í shown� in
Fig. 5 for the Î Ï 1, j


�Ð
0
|

levelÑ makean importantcontribu-
tion
k

to the upturn of the rate coefficientsbut the limiting
value� of the rate coefficient is determinedpurely by the
s� -wavecontribution.The initial fall in the valuesof the rate
coefficientss beforeattainingthezerotemperaturelimit is due
to
k

the decayof higher partial waves.The j

�Ò

0
|

and j

�Ó

1
casess aredistinguishedby the dramaticrise in the ratecoef-

ficient
Ô

below T
�ÊÕ

0.3
|

K for j

�Ö

1 which is due to the forma-
tion
k

of the Feshbachresonanceshownin Fig. 4. The Fesh-
bach
×

resonancearisesfrom s� -wavescatteringin the Ø=Ù 1, j



Ú 1 level andbecauseit occursvery closeto thethreshold,it
is an exampleof a zeroÛ energy resonance.

The ratecoefficientsfor the relaxationof the Ü Ý 1 level
has
�

beenmeasuredby Wilson etD al.20
:

from
�

40–150 K and
Reid
�

etD al.26 have
�

computedthem using crosssectionsde-
rived from coupled-statecalculations.Figure7 comparesour
ratecoefficientscomputedusingEq. Þ 4ß withÌ the theoretical
resultsu of Reid etD al.26 andv the experimentaldataof Wilson
etD al.20 Our

à
theoreticalvaluesare in betteragreementwith

the
k

experimentaldata.At the lowesttemperatureof 40 K for
whichÌ experimentalresultsareavailablethe theoreticalpre-
diction
t

nearly coincideswith the measurement.The largest
deviation
t

from the experimentalvalues is a factor of 1.3
occurringá at 100 K. The theoreticalpredictionsare consis-
tently
k

smaller than the experimentalvalues.The difference
mayâ be due to an inadequatetreatmentof the higher rota-
tional
k

levelsin ã ä 1. We haverestrictedthe sumsin Eq. å 4æ
to
k

be j

�ç

3
�

to minimize the computationalexpenses.This is
adequatev for the lowest temperaturewhereexperimentalre-
sults� are availablebut not at 100 K. The exactbehaviorof
the
k

ratecoefficientat temperaturesbelow 40 K hasnot been
determined
t

experimentallyandit will be interestingto seeif
it
è

showsthepredictedupwardtrend.A similar upwardtrend
has
�

beenseenin the measuredrelaxationratecoefficientsof
CO
é

by H2 andv its isotopomers.22
:

For thesesystems,the van
der
t

Waalswell is deeperat about60 K for CO–H2
: . Hence

experimentalê studieswereableto exploretheinfluenceof the
van� der Waals interactionpotentialsat significantly higher
temperatures.
k

Due to the large number of closely spacedrotational
levels
Å

of the CO molecule,calculationsinvolving excited
vibrational� levels of the moleculeare prohibitively expen-
sive.� Hence we have restricted our calculations to the
quenchingë of the ì=í 1 level and a few lowest lying rota-
tional
k

levels in î ï 0.
|

The real and imaginary parts of the
FIG.
ð

6. Ratecoefficient for the quenchingof the ñ`ò 1, j
acó

0 and ô`õ 1, j
a

ö 1 levelsof CO in collisionswith 4He asfunctionsof the temperature.

FIG. 7. Ratecoefficientfor the quenchingof the ÷`ø 1 vibrational level of
CO in collisionswith 4

d
Heasa functionof thetemperature.Theexperimental

dataof Wilson et al. ù Ref. 20ú andthe theoreticalresultof Reidet al. û Ref.
26ü areshown,respectively,by the filled circlesandtriangles.

TABLE I. Comparisonbetweenthe quenchingcross sectionsfrom theý`þ 1, j
acÿ

0 level of CO in collisionswith 4
d
He obtainedin thepresentclose-

coupledcalculationandthe coupled-statescalculationof Reid et al.

Kinetic energy�
cm� 1�

�
10
in
���

Å2�
This work Reid et al. � Ref. 26	

5 0.320
 10� 7
�

0.169
 10� 7
�

10 0.743� 10� 8
�

0.401� 10� 8
�

15 0.405� 10� 8
�

0.194� 10� 8
�

25 0.362� 10� 8
�

0.255� 10� 8
�

35 0.360� 10� 8
�

0.287� 10� 8
�

55 0.427 10! 8
�

0.317" 10# 8
�

70 0.514$ 10% 8
�

0.379& 10' 8
�

85 0.617( 10) 8
�

0.448* 10+ 8
�

130 0.110, 10- 7
�

0.765. 10/ 8
�

240 0.3590 101 7
�

0.2452 103 7
�

390 0.1304 105 6
6

0.8757 108 7
�

790 0.1479 10: 5
;

0.963< 10= 6
6

1050 0.444> 10? 5
;

0.295@ 10A 5
;
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scattering� lengthsare listed in Table II. The resonancepa-
rametersaresummarizedin TableIII. Theenergyandwidth
ofá theFeshbachresonancesshownin Figs.1 and4 calculated
from
�

the complexscatteringlength14 arev in goodagreement
withÌ those from the close-coupledscatteringcalculations
through
k

the eigenphasesummethod.16

The
r

distribution of rotational levels of CO after colli-
sions� with He hasbeenthe topic of experimentaland theo-
retical investigations.AntonovaetD al.28 performed� measure-
ments of rotational excitation of CO at center of mass
collisions energiesof 72 and89 meV usingcrossedmolecular
beams.
×

The experimentalresultsweremodeledby perform-
ing close-coupledscatteringcalculationswithin the rigid ro-
tor
k

model with resultsthat satisfactorilyreproducedthe ex-
perimental� data.Our close-coupledcalculationswhich do not
employê the rigid rotor approximationproducedcross sec-
tions
k

in closeagreementwith thoseof AntonovaetD al.28
:

andv
arev not reproducedhere.

In
B

Figs.8C avED , 8FHG b×JI ,F and8K csEL weÌ showthe distributionof
final
Ô

rotationallevels j

NM

following
�

thequenchingof themol-
eculeê from OQP 1, j


SR
0,
|

1, and2, respectively,at a centerof
massâ collisionenergyof 10T 5

,
cmsVU 1. Thedistributionis simi-

lar
Å

at energiesbelow 10W 5
,

cmsVX 1. The crosssectionsfor vi-
brational
×

transitionsareseveralordersof magnitudesmaller
than
k

for pure rotational transitions.The rotationaldistribu-
tion
k

showsthat a significant fraction of the vibrational en-
ergyê is convertedto rotationalenergy.Thedistributionpeaks
near j


NY[Z
11 for j

\S]
0
|

and j
\N^[_

8
`

for j
\ba

1 and2. The magni-
tude
k

of the quenchingcrosssectionsfrom j
\Sc

1 and 2 are,
respectively,u about100 and 20 times larger than that from
the
k

j
\Sd

0
|

level. This is in part due to the strongangularan-
isotropyof the interactionpotentialresultingfrom the dipo-
lar forceswhich becomemoreimportantwhenthe molecule
is
è

initially oriented.However,thefactorof 5 enhancementof
the
k

crosssectionfor the j
\be

1 level comparedto the j
\bf

2
g

level is dueto thepresenceof theFeshbachresonanceshown
in Fig. 4.

The
r

distribution of final rotational levels for the above
initial statesbecomesflatter at higherenergies.This is illus-
trated
k

in Figs.9h avEi andv 9j b×Jk for the lQm 1, j
\Sn

0
|

level at center
ofá massenergiesof 100 and 500 cmo 1,F respectively.The
naturep of the distribution is modified becauseonly sq -wave
scattering� occurs in the incoming channel at 10r 5

,
cmsVs 1

whereasÌ a number of higher angular momentum partial
wavesÌ contributeat higherenergiesleadingto a broaderdis-
tribution
k

of rotationallevels in the outgoingchannel.

IV. SUMMARY AND CONCLUSIONS

Explicit
t

quantummechanicalscatteringcalculationsare
carrieds out to investigatethe quenchingof rotation and vi-
bration
×

of a heteronuclearmoleculeat ultracoldtemperatures
by
×

taking theHe–CO systemasan illustrativeexample.The
quenchingë ratecoefficientsattainfinite valuesin the limit of
zero temperaturein accordancewith quantummechanical
threshold
k

laws but their magnitudeis found to be strongly
enhancedê by the occurrenceof Feshbachresonances.The
elasticê and inelasticscatteringin the limit of zero tempera-
ture
k

arecharacterizedby a complexscatteringlengthwhose
imaginary
è

part is directly related to the zero temperature
quenchingë ratecoefficients.Goodagreementis obtainedwith
experimentalê results for the vibrational relaxation
CO(
é uwv

1). It will be interestingto seeif theunusualbehav-
ior
è

of the low temperaturerate coefficientsthat we predict
cans beexperimentallyverified.TheStarkdeceleratorscheme

FIG.
ð

8. Distribution of final rotationallevels in xzy 0 following quenching
of the {z| 1, j

a
levels of CO in collisions with 4He at an incident kinetic

energyof 10} 5
;

cm~ 1. The upperpanelis for j
aJ�

0, the middle panelis for
j
aJ�

1 andthe bottompanelis for j
aJ�

2.

TABLE II. The real andimaginarypartsof the scatteringlength in Å.

� , j
a

0,0 0,1 0,2 0,3 0,4 0,5 1,0 1,1

���
j
� � 3.53 127.70 � 27.67 � 15.23 � 9.83 � 6.95 � 4.32

�
76.56���

j
� 0.0 9.35 16.85 15.40 13.37 11.46 2.90� 10� 10 2.08

TABLE
�

III. Resonanceenergiesand widths in cm� 1 and lifetimes in sec-
ondsof the �z� 0, j

aJ�
1 and �z� 1, j

aJ�
1 resonances.

� j E
a �

j
� a� E � j

� b� �b 
j
� a� ¡z¢

j
� b� £¥¤

j
� b�

0 1 ¦ 3.23§ 10̈ 4 © 2.90ª 10« 4 8.0¬ 10­ 5
;

8.55® 10̄ 5
;

6.20° 10± 8
�

1 1 ² 9.70³ 10́ 4
d¶µ

8.19· 10̧ 4
d

1.20¹ 10º 4
d

8.90» 10¼ 5
;

5.96½ 10¾ 8
�

a� From numericallyexactclose-couplingcalculations.
b
�
From scatteringlengthapproximation.
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ofá Meijer and co-workers11 has
�

beenappliedto slow down
metastableâ CO moleculesbut its applicability is not re-
stricted� to metastablespecies.

ACKNOWLEDGMENTS
¿

This work wassupportedby theU.S.Departmentof En-
ergy,ê Division of ChemicalSciences,Office of BasicEnergy
Sciences,
À

Office of EnergyResearch.N.B. is gratefulto Pro-
fessor
�

van der Avoird for providing the He–CO interaction
potential.�
1J.
Á

Weiner,V. S.Bagnato,S.Zillo, andP.S.Julienne,Rev.Mod. Phys.71
Â

,
1 Ã 1999Ä .

2
Å
F. Dalfovo,S.Giorgini, L. P.Pitaevskii,andS.Stringari,Rev.Mod. Phys.
71, 463–512 Æ 1999Ç .

3
È
C. E. Wieman,D. E. Pritchard,andD. J. Wineland,Rev.Mod. Phys.71

Â
,

S253–S262 É 1999Ê .
4D.
Ë

R. Herschbach,Rev.Mod. Phys.71
Â

, S411 Ì 1999Í .
5
;
Y. B. BandandP. S. Julienne,Phys.Rev. A 51, R4317 Î 1995Ï .

6
6
J.
Á

T. Bahns,W. C. Stwalley,andP. L. Gould, J. Chem.Phys. 104, 9689Ð
1996Ñ .

7
�
R.
Ò

Côte
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