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Quantummechanicakoupledchannelscatteringcalculationsare performedfor the ro-vibrational
relaxationof CO in collisionswith ultracold He atoms.The van der Waalswell in the interaction
potentialsupportsa numberof shaperesonancesvhich significantlyinfluencethe relaxationcross
sectionsat energieslessthan the well depth. Feshbachresonancesre also found to occur near
channelthresholdscorrespondingo the j=1 rotationallevel in the v=0 andv=1 vibrational
levels. Their existenceinfluencesdramaticallythe limiting valuesof the elastic scatteringcross
sectionsand the rotational quenchingrate coefficientsfrom the j=1 level. We presentcomplex
scatteringengthsfor severallow lying rotationallevelsof CO which characterizéoth elasticand
inelasticcollisionsin thelimit of zerotemperatureOur resultsfor the vibrationalrelaxationof CO
(v=1) are in good agreementwith available experimentaland theoretical results. © 2000
American Ingtitute of Physics. [S0021-96080)01526-9

. INTRODUCTION

The possibility of creatingcoherensourcesf molecular
condensatesimilar to thoseof atomic Bose-Einstein con-
densatedias generatednuch interestin low energyatomic
and molecular collisions. Severalreview papershave ap-
pearedrecently’™ A major problemthat confrontsexperi-
mental efforts to cool and trap moleculesis collisional
quenchingof ro-vibrational levels leading to trap loss. To
help designa stable sourceof molecular condensatesthe
efficiency of rotational and vibrational transitionsin mol-
eculesat ultracoldtemperatureseedsto be investigated.

Techniques based on photoassociationspectroscopy
mostly employ ultracoldalkali metalatomsasprecursors.®
They producetranslationallycold moleculesin highly ex-
cited vibrational levels. In contrast,the buffer gasloading
techniqueof Doyle andco-workerg*°which is applicableto
any paramagnetienoleculeemploysa buffer gasof 3He to
cool the moleculesto a temperatureof about250 mK in a
magnetictrap. A methodto slow down neutral polar mol-
eculesusing a time-varyingelectricfield (Stark decelerator
has also been proposed**? and applied by Meijer and
co-workers! to slow down metastableCO molecules.

Regardles®of the specificexperimentalkschemethe ef-
ficiency of cooling dependson the relative magnitudeof the
elasticandinelasticscatteringcrosssections Elastic scatter-
ing involves momentum transfer collisions between the
buffer gas and the moleculeswith no changesin internal
quantumstates.Inelastic atom-moleculecollisions involve
changesn ro-vibrationalenergylevels of the moleculeand
the energyreleasedmnay be ordersof magnitudelargerthan
the typical depth of the traps which is about1 K. Hence
inelastic collisions generallylead to trap loss. Theoretical
studiesof elastic and inelastic scatteringat ultracold tem-
peraturedhavebecomecrucial in addressingnanyissuese-
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lated to the experimentsand also in identifying systems
which may be potential candidatedfor future experiments.
Severalapplicationsof ultracold moleculeshave beensug-
gestedwhich include molecular spectroscopywith unprec-
edentedresolution, coherentsourcesof molecular beams,
andthedeterminatiorof moreaccuraténtermoleculapoten-
tials.

We have exploredseveralaspectsof ro-vibrational en-
ergy transfercollisionsat ultracold temperatures— by car-
rying out calculationson the benchmarksystemsH+H, and
He+H,. Thestudiesshowedthatro-vibrationalenergytrans-
fer can be extremelyefficient at ultracold temperaturesand
thatit is sensitiveto theinitial ro-vibrationalenergylevels.lIt
was shownthat'®1° the energytransfercrosssectionsobey
thresholdlaws in the limit of zero collision energy. This
propertywas usedto constructa complexscatteringlength
for inelastic collisions in which the imaginary part of the
scatteringengthwasrelatedto the zero-temperaturealue of
the inelastic quenchingrate coefficient. With the aid of the
complexscatteringength,a kinetic modelwas constructedf
for describingthe decayof trappedmoleculesn anultracold
sampletaking into accountboth collisional quenchingand
vibrational (and rotationa) predissociation.lt was shown
that>8timescaledor vibrationalandrotationalpredissocia-
tion can be extractedfrom the complex scatteringlength.
The calculationsso far have focusedon homonucleardia-
toms. Here we investigatethe energytransferin a hetero-
nuclearsystemtaking He+CO asan example.

The He—CO systemhasbeenthe subjectof a largenum-
ber of experimentaknd theoreticalinvestigations®?+% es-
pecially in determiningthe vibrational relaxationefficiency
in mixturesof He and CO. Recently,Reid et al.?1?%?"have
publisheda numberof papersaddressinghe anomalouse-
havior of the rate coefficient for vibrational relaxation of

© 2000 American Institute of Physics
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CO(v=1) by collisionswith both3He and“He. They found
that the rate coefficientsexhibited an upward turn at tem-
peraturef the orderof thewell depthof the vander Waals
interactionpotentialbetweerHe andCO. This wasattributed
to a seriesof scatteringresonanceghat were seenin the
energydependentrosssectionat energiedessthanthe well

depth.Therearesignificantdiscrepanciebetweertheir mea-
suredandcalculatedrate coefficientsat temperaturesompa-
rableto thevanderWaalswell depthwhich is approximately
30K for He—CO.

We considerthe vibrational relaxationof CO by colli-
sionswith “He at ultracold and low temperaturesWith a
coupledchannelscatteringformulation,we obtainedrate co-
efficientsin better agreementwith the measuredvaluesat
low temperatureshanthe coupled-statesalculationof Reid
et al.?52?" thoughour resultsapproactthoseof Reid et al. as
the temperaturas increased.

The paperis organizedasfollows: In Sec.ll we briefly
describethe methodology.The resultsand discussionsare
givenin Sec.lll anda summaryandconclusionsn Sec.IV.

IIl. METHOD

The quantum mechanicalscattering calculationswere
carried out using the nonreactive scattering program
MOLSCAT? suitably adaptedto the presentsystem.We
adoptedthe He—CO interactionpotentialof Heijmenet al .2
becausat includesthe variation of the interactionpotential
with respectto the stretchingof the CO bond. It is also
consideredto be superiorto the other potentiald®?324that
are availablefor this systemespeciallyin reproducingthe
boundstateenergiesof the He—CO complex. The potential
hasa van der Waalsminimum of —23.734cm ! at a sepa-
ration of 3.46 A betweenHe andthe centerof massof CO
with a skew angle of 48.4° and with the CO bond length
fixed at its equilibrium value of r,=1.128A. The scattering
calculationswere carried out by expandingthe angularde-
pendencef the potentialin Legendrepolynomialsretaining
termsof all ordersup to 14. The resultswere found to be
insensitiveto additionaltermsin the expansionA 15-point
Gauss-Legendrequadraturevas usedto projectout the ex-
pansioncoefficients.For the CO molecule,we usedan ex-
tended Rydberg potentiaf® Voo(r)=—DJ1+33 ,ap']
X exp(—ayp) with the parametera; = 3.897A ~1, 2.305A72,
and1.898A 3 for i = 1— 3, respectivelywherethe dissocia-
tion energyD, is takento be 11.226eV andp=r —r, is the
displacementrom the equilibrium bonddistance The vibra-
tional wave functionsof the CO moleculewere computedn
a basis set of Hermite polynomials. A 10 point Gauss
Hermite quadraturevas employedto evaluatethe matrix el-
ementsof the potential betweenthe vibrational wave func-
tions.
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Due to the large number of closely spacedrotational
levelsof the CO molecule the constructiorof anappropriate
rotor basissetwas importantin making the calculationsaf-
fordable. We included rotational levels j=0-25 in the v
=0 andv=1 vibrationallevels. Thereare sevenadditional
rotationallevelsin thev =0 level belowthev =1 threshold.
Their inclusionin the scatteringcalculationdid not influence
theresultsat the energiesnvestigatechere. With thesebasis
sets,we believe the crosssectionspresentechere are con-
vergedto within 5%.

The coupled-channebchralingerequationsvere solved
using the R-matrix method? The crosssectionsfor transi-
tions from an initial vibrational-rotationallevel labeledby
quantumnumbersvj to a final level labeled by quantum
numbers 'j' canbeexpressedh termsof the corresponding
S-matrix element®>3*

UU}—»U’j,(EUj)

7T o0
N (2j+1)k§j.120 (23+1)

la+jl 3+

X 7;~ 2 |5jj’5ll’5vv’_s;j’ll’vv’
1=[3-jl py=j5—j

whered and! are,respectively the total andthe orbital an-
gular momentumquantumnumbers.The primed quantities
denotetheir unprimed counterpartsafter the collision. The
wave vector for the incoming channelis defined as k,;
=V2u(E—€,5)/f where E is the total energy, €,; is the
eigenenergyof the initial ro-vibrationalstateand w is the
three-bodyreducedmass.The kinetic energyin the initial
channelis given by E,;=%2k>;/(24).

The total de-excitation(quenching crosssectionfrom a
giveninitial stateis given by

2’ (1)
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v

where the summationincludes both vibrationally inelastic
andpurerotationallyinelastictransitionsbut excludespurely
elasticv'j’ =vj transitions.The quenchingrate coefficients
are obtainedby averagingthe crosssectionsover a Boltz-
mann distribution of velocities of the incoming atom at a
specifiedtemperaturer:

1 ®
PUJ(T)Z(SKBT/ﬂM)l/ZW fo o (Eyj)

X exp( —E,j/kgT)E,;dE,;, 3)

wherekg is the Boltzmannconstant.

Vibrational relaxationrate coefficientsaveragedover a
thermal populationof rotational levels in the initial vibra-
tional level are given by

ry(T) 2(2j+1)exd — (€,;— €,0)/kgT]

, (4)
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wherethe state-to-stateate coefficientsr ,;_.,.;(T) areob-
tained by replacingo}(E,j) by o,_,;/(E,;) in Eq. (3),
andthe summatioroverj includesall the occupiedrotational
levels.

In the limit of zero kinetic energy,it is convenientto
expressthe scatteringcrosssectionin termsthe scattering
length. The scatteringlengthis real for single channelscat-
tering where purely elastic scatteringoccursbut it hasan
imaginarypart whentwo or more channelsare opendueto
the presenceof inelasticscattering.The complexscattering
length may be written 3Uj=%j—'f,30j=—"mkuﬁo(svj,uj
—1)/2ik,;, where «,; and B,; are the real and imaginary
partsof the scatteringengthandS,; ,; is anelementof the $
matrix correspondingo the initial channel.

The elasticcrosssectionbecomedinite in the zero en-
ergy limit andits magnitudeis given by

Tyj—oj(Epj—0) =Am(al;+ 7). (5)

In the limit of zero temperatureWigner's law®® holds
and the quenchingrate coefficientsattain finite values.The
imaginarypart §,; of the scatteringlengthis relatedto the
total inelasticquenchingcrosssectionoy; in thelimit of zero
velocity:*

in
kl)jo-l)j'

:ij: lim ? (6)

k,j—0
andthe zerotemperaturejuenchingrate coefficientis given
by14,15

The predissociatiorifetime of any Feshbachresonance
formed during the collision can be obtainedfrom the com-
plex scatteringiength accordingto™*

il Byi—0)]ay;:|?
- 4 _ Jvj—vj\=oj vj
= T4k B, )= .
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Hencethe lifetime is givenin termsof the ratio between
thelimiting valuesof the elasticcrosssectionandthe inelas-
tic quenchingrate coefficient. The predissociatiodinewidth
ij-z !l ij .

lll. RESULTS AND DISCUSSION

Crosssectionsfor elasticscatteringandrotationallyand
vibrationally inelastic scatteringare computedas functions
of the center of mass kinetic energy in the range
10 >-1050.0cm 1. At the lowestenergy,only s-wavescat-
tering occursin the incident channel.Higher angular mo-
mentumpartialwavesareincludedfor E ;= 10 3em  with
J=0-1 for 0.00}<E,;<0.0lcm™*, J=0-6 for 0.01
<E,;<1.0cm™%, J=0-10 for 1.0<E,;<10.0cm™, J
=0-24 for 10.0<E,;= 100.0cm™%, and J=0-40 for
100.0<E,j= 1050.0cm ! to secureconvergencef thecross
sectionsin Eq. (1).

At incidentenergiedelowthe vander Waalswell depth
the cross sectionsexhibit oscillationsas a function of the
kinetic energythat are characteristiof resonancesThe na-
ture of the oscillationsandtheir role in determiningthe low
temperatureate coefficientshavebeenthe subjectof several
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FIG. 1. Elastic scatteringcrosssectionin the v=0, j=0 level of CO in
collisionswith *He asa function of the kinetic energy.The resonancesre
labeledby the correspondingpartial waves. The inset showsa Feshbach
resonancén thevicinity of theopeningof thev =0, j=1 level. Thevertical
line in the insetcorrespondso the j=1 threshold.

recentinvestigationsby Reid et al 21?2252"who identifieda
numberof shaperesonance# the energyrangeof 0.1-15
cm L. We find that both shaperesonancesand Feshbach
resonance®ccur and that the presenceof Feshbachreso-
nancegreatlyinfluenceghelow energyscatteringcrosssec-
tions.In Fig. 1 we showthe elasticscatteringcrosssectionin
thev =0, j=0 channelnearthe openingof thev =0, j=1
level. The different angularmomentumpartial wavescon-
tributing to the resonancesire labeledin the figure. The |
=4 andthe =5 resonancegre shaperesonancesvhereas
the narrow! =1 resonanceés a FeshbachresonanceThe in-
setshowsa magnifiedview of the FeshbachresonanceThe
crosssectionvaries by about40 A in the narrow energy
rangeof the Feshbachresonanceandit exhibits a cuspex-
actly atthev =0, j=1 thresholdmarkedby the vertical line
in the inset. This is the Wigner cusp, which occursat the
openingof a channel.

The presencef the Feshbachiesonanceshownin Fig. 1
hasdramaticconsequencesn the elasticand inelasticscat-
tering in the v =0, j=1 channelas the kinetic energyap-
proacheszero. In Fig. 2 we comparethe elastic scattering
crosssectionsin the j=0 andj=1 levelsin v =0 as func-
tions of the centerof masskinetic energy.Due to the pres-
enceof the Feshbachresonancethe limiting value of the
elastic crosssectionin the j=1 channelis three ordersof
magnitudelargerthanthatin the j=0 level. The rotational
quenchingcross section of the j=1 level and the corre-
spondingrate coefficientare shownin Fig. 3 andthey also
assumdarge valuesin the limit of zerovelocity dueto the
FeshbaclresonanceThe quenchingrate coefficientis finite
in the limit T—0 becausethe correspondingcrosssection
varies inversely as the velocity. The zero temperature
quenchingrate coefficientis 2.4x 10 °em? s which is of
the orderof gaskinetic values.

A similar Feshbachesonancés foundto existbelowthe
v=1, j=1 thresholdas shownin Fig. 4 wherewe plot the
elasticscatteringcrosssectionin thev =1, j=0 channelin
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FIG. 2. Comparisonof the elastic scatteringcrosssectionin the v =0, j
=0 (full curve andv=0, j=1 (dashedcurve levelsof CO in collisions
with “He as a function of the kinetic energy. The enhancemenby three
ordersof magnitudefor the limiting value of the crosssectionin the j=1
level is dueto the Feshbachresonancehownin Fig. 1.

the vicinity of thev=1, j=1 threshold.The effect of this
Feshbachiesonancen the low energyquenchingcrosssec-
tion from thev =1, j=1 level will be discussedelow.
The vibrational quenchingcrosssectionsare very small
comparedo purerotationalquenchingcrosssectionsThisis
dueto the weakdependencef the interactionpotentialwith
respectto the stretchingof the CO bond comparedto the
angularanisotropy.Figure5 showsthe quenchingcrosssec-
tion givenby Eq. (2) for thev =1, j=0 level asafunction of
therelativetranslationaknergy.The narrowoscillationsthat
areseenin the energyrangek ;= 0.1-10.0cm™* aredueto
shaperesonancesupportediy the vander Waalsinteraction
potential.In the limit of zero energy,only the s-wave con-
tributesandthe crosssectionapproachethe inversevelocity
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FIG. 3. Upperpanel:crosssectionfor quenchingof thev =0, j=1 level of
COiin collisionswith “He asa function of the kinetic energy.Lower panel:
Correspondingate coefficientasa function of the temperature.
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FIG. 4. Feshbactresonancen the elasticscatteringcrosssectionin the v
=1, j=0 level below the openingof the v=1, j=1 level shownby the
vertical line. The energyis relativeto thev =1, j=0 level.

dependencef Wigner's law. In Table | we compareour
resultswith thoseobtainedby Reid et al.?® at energiesbe-
tween5.0cm * and1050.0cm 1. Reid et al. usedthe same
interaction potential employedin this study but adopteda
coupled-stateformalismfor the scatteringcalculationsThe
discrepancys nevermorethana factor of 2 andlessenswvith

increasdn energy.

Reidet al.>® havepresentedyraphicallyv = 1 quenching
rate coefficientsby “He downto a temperaturef 10 K. The
figure shows a rate coefficient decreasingmonotonically
down to a value of about1.0x10 ?°cm*s L. In Fg. 6 we
showthe quenchingrate coefficientgiven by Eq. (3) for the
v=1, j=0 andv=1, j=1 levelsas functions of the tem-
peraturein the range10 3K to 100 K. The temperaturele-
pendencendthe magnitudeof the two rate coefficientsare
very similar for T>30K but surprisingly different for T
<30K. The value of the rate coefficient is about 2.5
x10"2%cm? s at 30 K. With subsequentlecreasef tem-
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FIG. 5. Crosssectionfor the quenchingof thev =1, j=0 level of CO in
collisionswith “He asa function of the kinetic energy.
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TABLE 1. Comparisonbetweenthe quenchingcross sectionsfrom the
v=1, j=0 level of COin collisionswith “He obtainedin the presentclose-
coupledcalculationandthe coupled-statesalculationof Reid et al.

a'iln(J A2?)

Kinetic energy

(cm™Y) This work Reid et al. (Ref. 26)
5 0.320x 1077 0.169x 1077
10 0.743< 1078 0.401x 1078
15 0.405< 1078 0.194x10°8
25 0.362x10°8 0.255x10°8
35 0.360< 1078 0.287x 1078
55 0.427x 1078 0.317x 1078
70 0.514x 1078 0.379<10°8
85 0.617x10°8 0.448<10°8
130 0.110<1077 0.765<10°8
240 0.359< 1077 0.245< 1077
390 0.130x10°6 0.875x1077
790 0.147x 1075 0.963x 1076
1050 0.444x 1075 0.295< 1075

peratureboth attaina local minimumnear20 K andriseto a
local maximum between0.7-1.0 K. The j=0 rate coeffi-
cientdropswith further decreas®f temperatureandeventu-
ally attainsa limiting value of 6.5x10 2lem®s ! for T
<10 3K. Thej=1 ratecoefficientalsodropsto a minimum
value of 3.4x10 2em®s ! at about0.3 K but it increases
dramaticallywith further decreasef temperaturgeachinga
limiting value of about9.0x10 cm®s ™! at T=10 K.
The initial upturn of the rate coefficientsafter reachinga
minimum value near20 K is dueto the presenceof the van
der Waalswell which accelerateshe particlesinto theinter-
action zone as the incident kinetic energyfalls below the
well depth. The resonancesn the crosssection(shownin
Fig. 5 for thev =1, j=0 level) makeanimportantcontribu-
tion to the upturn of the rate coefficientsbut the limiting
value of the rate coefficient is determinedpurely by the
s-wave contribution. The initial fall in the valuesof the rate
coefficientsbeforeattainingthe zerotemperaturdimit is due
to the decay of higher partial waves.The j=0 and j=1
casesaredistinguishedby the dramaticrise in the rate coef-

10

Rate coefficient (cm3s 1)

10 1
v=1,j=0
10_21 L 1 1
10° 10° 10™ 10' 10°
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FIG. 6. Ratecoefficientfor the quenchingof thev=1, j=0 andv=1, j
=1 levelsof COin collisionswith “He asfunctionsof the temperature.
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FIG. 7. Ratecoefficientfor the quenchingof the v =1 vibrational level of
COin collisionswith *He asa function of thetemperatureThe experimental
dataof Wilson et al. (Ref. 20) andthetheoreticalresultof Reid et al. (Ref.
26) are shown,respectively by thefilled circlesandtriangles.

ficient below T=0.3K for j=1 which is dueto the forma-
tion of the Feshbactresonanceshownin Fig. 4. The Fesh-
bachresonancearisesfrom s-wave scatteringin thev =1, j

=1 levelandbecausét occursvery closeto thethreshold,t

is an exampleof a zero energy resonance.

Therate coefficientsfor the relaxationof thev =1 level
hasbeenmeasuredby Wilson et al.?° from 40-150 K and
Reid et al.?® have computedthem using cross sectionsde-
rived from coupled-statealculationsFigure 7 comparesour
rate coefficientscomputedusing Eq. (4) with the theoretical
resultsof Reid et al.?® and the experimentadataof Wilson
et al.?° Our theoreticalvaluesare in betteragreemeniwith
the experimentabata.At the lowesttemperaturef 40 K for
which experimentakesultsare availablethe theoreticalpre-
diction nearly coincideswith the measurementThe largest
deviation from the experimentalvaluesis a factor of 1.3
occurringat 100 K. The theoreticalpredictionsare consis-
tently smallerthan the experimentalvalues.The difference
may be due to an inadequatereatmentof the higher rota-
tional levelsin v =1. We haverestrictedthe sumsin Eq. (4)
to be j=<3 to minimize the computationakexpensesThis is
adequatdor the lowesttemperaturevhereexperimentake-
sults are availablebut not at 100 K. The exactbehaviorof
the rate coefficientat temperaturebelow 40 K hasnot been
determinedexperimentallyandit will beinterestingto seeif
it showsthe predictedupwardtrend.A similar upwardtrend
hasbeenseenin the measuredelaxationrate coefficientsof
CO by H, andits isotopomer$? For thesesystemsthe van
der Waalswell is deeperat about60 K for CO-H,. Hence
experimentaktudieswereableto exploretheinfluenceof the
van der Waals interactionpotentialsat significantly higher
temperatures.

Due to the large number of closely spacedrotational
levels of the CO molecule, calculationsinvolving excited
vibrational levels of the moleculeare prohibitively expen-
sive. Hence we have restricted our calculationsto the
quenchingof the v=1 level and a few lowest lying rota-
tional levelsin v=0. The real and imaginary parts of the
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TABLE II. Therealandimaginarypartsof the scatteringengthin A.

v.,j 0,0 0,1 0,2 0,3 0,4 0,5 1,0 1,1
a,; —353 12770 -27.67 —1523 —9.83 —6.95 —4.32 76.56
Buj 0.0 9.35 16.85 1540 1337  11.46 2.90x10°1° 2.08

scatteringlengthsare listed in Table Il. The resonancepa-
rametersare summarizedn Tablelll. The energyandwidth
of the Feshbachesonanceshownin Figs.1 and4 calculated
from the complexscatteringlength* arein good agreement
with those from the close-coupledscattering calculations
throughthe eigenphassum method'®

The distribution of rotationallevels of CO after colli-
sionswith He hasbeenthe topic of experimentaland theo-
retical investigations Antonovaet al.?® performedmeasure-
ments of rotational excitation of CO at center of mass
collision energieof 72 and89 meV usingcrossednolecular
beams.The experimentakesultswere modeledby perform-
ing close-coupledcatteringcalculationswithin the rigid ro-
tor modelwith resultsthat satisfactorilyreproducedhe ex-
perimentaldata.Our close-coupledalculationsvhich do not
employ the rigid rotor approximationproducedcross sec-
tionsin closeagreementvith thoseof Antonovaet al.?® and
are not reproducechere.

In Figs. 8(a), 8(b), and 8(c) we showthe distribution of
final rotationallevelsj’ following the quenchingof the mol-
eculefromv=1, j=0, 1, and 2, respectively at a centerof
masscollision energyof 10 3 ecm %, Thedistributionis simi-
lar at energiesbelow 10 % em L. The crosssectionsfor vi-
brationaltransitionsare severalordersof magnitudesmaller
than for pure rotational transitions.The rotational distribu-
tion showsthat a significantfraction of the vibrational en-
ergyis convertedo rotationalenergy.The distributionpeaks
nearj’=11for j=0 andj’=8 for j=1 and2. The magni-
tude of the quenchingcrosssectionsfrom j=1 and 2 are,
respectively,about 100 and 20 times larger than that from
the j=0 level. This is in part dueto the strongangularan-
isotropy of the interactionpotentialresultingfrom the dipo-
lar forceswhich becomemoreimportantwhenthe molecule
isinitially oriented. However,thefactorof 5 enhancemerdf
the crosssectionfor the j=1 level comparedto the j=2
levelis dueto the presenc®f the Feshbachiesonancehown
in Fig. 4.

The distribution of final rotationallevels for the above
initial statesbhecomedlatter at higherenergiesThis is illus-
tratedin Figs.9(a) and9(b) for thev =1, j=0 level atcenter
of massenergiesof 100 and 500 cm™?, respectively.The
natureof the distribution is modified becauseonly s-wave
scatteringoccurs in the incoming channelat 10 >em™?!

TABLE lIl. Resonancenergiesandwidths in cm™ and lifetimes in sec-
ondsof thev =0, j=1 and v =1, j=1 resonances.

H a b a b b
v E,j E,j I, | R Tyj

8.0x1075 8.55x1075 6.20x10°®
—8.19x10°% 1.20x10°* 8.90x10°° 5.96x10° 8

01 —3.23x10°* —2.90x10*
11 —9.70x10°*

8% rom numericallyexactclose-couplingcalculations.
®From scatteringlength approximation.

whereasa number of higher angular momentum partial
wavescontributeat higherenergiedeadingto a broaderdis-
tribution of rotationallevelsin the outgoingchannel.

IV. SUMMARY AND CONCLUSIONS

Explicit guantummechanicakcatteringcalculationsare
carried out to investigatethe quenchingof rotation and vi-
brationof a heteronucleamoleculeat ultracoldtemperatures
by takingthe He—CO systemasanillustrative example.The
quenchingrate coefficientsattainfinite valuesin the limit of
zero temperaturein accordancewith quantummechanical
thresholdlaws but their magnitudeis found to be strongly
enhancedby the occurrenceof FeshbachresonancesThe
elasticand inelasticscatteringin the limit of zerotempera-
ture are characterizedy a complexscatteringengthwhose
imaginary part is directly relatedto the zero temperature
quenchingatecoefficients Goodagreemenis obtainedwith
experimental results for the vibrational relaxation
CO(w=1). It will beinterestingto seeif the unusualbehav-
ior of the low temperatureaate coefficientsthat we predict
canbeexperimentallyerified. The Starkdeceleratoscheme
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FIG. 8. Distribution of final rotationallevelsin v=0 following quenching
of the v=1, j levels of CO in collisions with “He at an incident kinetic

energyof 1075 cm™%. The upperpanelis for j=0, the middle panelis for
Jj=1 andthe bottompanelis for j=2.
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of Meijer and co-workers! hasbeenappliedto slow down
metastableCO moleculesbut its applicability is not re-
strictedto metastablespecies.
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