PHYSICAL REVIEW A

VOLUME 58, NUMBER 4

RAPID COMMUNICATIONS

OCTOBER1998

Feshbach resonances in ultracold atom-diatom scattering
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Quantum-mechanicacatteringcalculationsof Feshbachresonancesrising from van der Waalsmolecule
formationare usedto determinevibrationalandrotationalpredissociatiorifetimes. A multichanneleffective
rangetheory is usedto establishthe relationshipbetweenpredissociatiorand the zero-temperaturéimit of
collisional quenchingfor resonancedying close to the thresholdsfor dissociation.The elastic scattering
Feshbachresonancesnay be measurablén ultracold atom-moleculeexperiments| S1050-294{©8)51510-1

PACSnumbefs): 34.50—s

I. INTRODUCTION

Predissociatiorof van der Waalsmoleculeshasbeenan
areaof considerableexperimental1—6] andtheoretical7—
9] interest. Predissociatiormay be an important relaxation
mechanisnfor vibrationally excitedmoleculesf the density
of surroundingatomsis high andthetime scalefor establish-
ing equilibrium of van der Waals moleculesis short com-
paredto other relaxationprocesse$10]. The possibility of
ultracold moleculeformation[11—15] has motivatedrecent
investigationsof vibrational quenchingof diatomic systems
dueto collisionswith ultracoldatoms[16,17]. The rangeof
applicability of Wigner’'s thresholdlaw was determinedfor
exothermicrovibrationaltransitionsin H, collisions with H
and He. A multichanneleffective range theory was intro-
duced[18] andit wasarguedthat the imaginarypart of the
scatteringengthis relatedto the lifetime for vibrationalpre-
dissociationof van der Waals molecules.In the present
work, we analyzeFeshbachiesonancefor He+H, scattering
that arise from van der Waals moleculeformation, and we
comparethe positionsandwidths of the resonancesbtained
from exactnumericalcalculationswith thosepredictedfrom
effective rangetheory. Using the computedwidths we tabu-
late vibrational and rotational predissociationlifetimes for
the He-H, van der Waalsmolecule.

Il. THEORY

A numericallyexactcalculationof resonancearameters
may be performedby computingthe scattering® matrix for a
rangeof energiesThe eigenchannels,, andeigenphases,
aredetermineddy diagonalizingthe $ matrix at eachenergy,
yielding the formula

Spq: % XpnaneXF(Zi 7n), )

where the sum over n includesall openchannels.In the
vicinity of aresonanceheeigenphassumincreasedy in

the sameway asthe usualphaseshift for potentialscattering.
The positionand width of the resonancenay thenbe deter-
minedfrom the derivativeof the eigenphassum
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with the resonancdifetime givenby r=#4/T".

In our analysisof ultracoldatom-moleculescatterind 18],
we pointed out that a complex scatteringlength could be
usedto predictpredissociatiorifetimes of thoseresonances
that lie closeto thresholdsfor dissociation.In the present
work, we extend this descriptionto include the effective
range.The derivationbeginswith the elasticscatteringam-
plitude

1
Ja= 1 , 3)
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wherek, is the momentuma,, is the scatteringlength,and
r, is the effectiverangefor the channeln. For smallk,,, the
elastic scatteringamplitudemay be usedto obtain a useful
asymptoticexpansiorfor the diagonalS-matrix element,

Son=1—2ia,k,—2a’k>+i(2a,—r,)a2k3+0(k}). (4)

The singularitiesof the scatteringamplitude(3) correspond
to energiesof boundstatesor positionsof resonancesThe
energyof the boundor quasiboundstateis estimatedfrom
€n= —ﬁ2K§/2,u, where u is the reducedmassof the colli-
sion systemand «,, is given by

_1 1 2 5
T N2 A, 5)

By defining the scatteringlength a,,= a,—i8,, Wherethe
imaginarypart of the scatteringlength 8, characterizeshe
rateof total inelasticscatteringfrom channeln, we canwrite
the energye, as

eann— EF,,, (6)
wherefor small 8,
h? ( apfn / 2anr,,]
En=——={1-— - \1-—77¢, 7)
" /””; |an|2 |an|2 (
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FIG. 1. Cuspin thev =0, j=0 elastic-scatteringrosssection
atthev =0, j=2 threshold.The zeroof energycorrespondso the

v=0, j=2 threshold.
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Thelifetime for predissociationis givenby r,=#/T",. When

the effectiverangeis smallcomparedo the magnitudeof the

scatteringlength, the lifetime reducesto the form given in

[18].

In atom-diatomscatteringthe channelindexn designates
the vibrationalandrotationalquantumnumbersv andj) of
the diatomandthe orbital angular-momentumguantumnum-
ber! of the atom. The total angular-momentunnepresenta-
tion of ArthursandDalgarno[19] may be usedto expresshe
S matrix. The crosssectionis given by

T i 2J+1
i it = -
vj—uv'j EQ_ij:O 21+1
[3+jl  |3+j’]
2
X ; E |6UU’5jj’6’|’_s:j|,U’j”’| )
I=l=jl v =|a-j'|
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where J is the total angular-momentunguantumnumber.
The rate coefficientfor a given transitionis obtainedby av-
eragingthe appropriatecrosssectionover a Boltzmanndis-
tribution of velocitiesof the incomingatom

(8kgT/7u)Y? (=
Rvj‘—w’j"(T):ﬁ_ Oyj—uv'j’
(kgT) 0
X exp(— E/kgT)EdE, (10
where E is the center-of-masscollision energy, kg is
the Boltzmann constant,and T is the temperatureln the
ultracoldlimit, the orbital angularmomentumof the atomis
zero and the total angularmomentumis equalto the rota-
tional angularmomentumof the diatom. The elasticandin-
elasticcrosssectionsare given by

O'S}~47T(a3j+,83j), (11

in_ S 47 Boj
O'vj-— O-Ujlﬁv'j"w B
o'§' k

(12

consistentwith Wigner's thresholdlaw [20]. Equations(10)
and (12) may be usedto obtain the imaginary part of the
complexscatteringlength

s

ij:_ lim RU](T)v

Amh 1, 13

where

R,;(T)= 2 Ryj_prjr(T). (14)
v'j’

I11. RESULTS

The close-couplingequationsdescribingcollisions of He
with H, havebeensetup and solved[17] both aboveand
below threshold.As a testof our numericalprocedureswe
showin Fig. 1 the Wigner cuspthat occursin the s-wave
elastic-scatteringrosssectionat the v =0, j=2 threshold.
Whenhigherpartialwavesareaddedto the crosssection the

TABLE |. Resonancparametersor He-Hy(v,j). Therealandimaginarypartsof the scatteringengthandthe effectiverangearegiven
in angstromsthe energiesandwidthsin cm™1, andthe lifetimesin secondsThe resonanenergiesare definedwith respecto the diatomic

energylevels.

v j Ay ij rvj Euja r,;? ij'a Evjb Fvib ijb

0 0 2470 0 7.3  —0.0306 o —0.02979 0 oo

0 2 2460 345102 7.8 —0.0323 2.4x10°* 2.2x10°8 —0.03034 2.0x1074 2.6x10°8
0 4 24.41  3.65<1073 7.2 —-0.0314  2.4x107°5 2.2x1077 —0.03093 2.2x1075 2.4x1077
0 6 2412 3.92x10°4 72  —0.0322 2.7x10°° 2.0x1076 —0.03185 2.5x10°6 2.1x10°6
0 8 23.77 5.75x10°° 75 —0.0345  4.4x1077 1.2x10°5 —0.03303 4.3x1077 1.2x10°5
1 0 25.30 1.30x10°8 7.4 -0.0291 7.6x10%  6.9x10°? —0.02820 0 o0

1 2 25.19 4.76x10°? 8.5 -0.0323  3.4x10°* 1.6x10°8 —0.02878 2.6x10°* 2.0x10°8
1 4 2499 5.61x1073 7.9 -0.0312 3.7x1073 1.4x1077 —0.02937 3.2x107° 1.7x1077
1 6 24.67 6.60<1074 7.4 —0.0309 4.3x10°6 1.2x10° —0.03033 4.6x10°6 1.1x10°6
1 8 2427 107x10* 7.7 -0.0331 7.7x10°7 6.9x10°6 —0.03158  7.4x1077 7.2x1076

8 rom effective rangetheory.
bErom exactnumericalcalculation.
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FIG. 2. Feshbachresonances the elastic-scatteringrosssec-
tion below the v=0, j=2 andv=1, j=2 thresholds.The solid
curve is the elastic scatteringin the v =0, j=0 channelandthe
dashedcurveis in the v=1, j=0 channel.The zero of energy
corresponds$o thev =0, j=2 thresholdfor thesolid curveandthe
v=1, j=2 thresholdfor the dashedcurve.

cuspis not detectableFor resonanscatteringthe $ matrix is
computedanddiagonalizedelowthresholdfor alargenum-
ber of closelyspacecenergiesThe eigenphassumis differ-
entiatedwith respecto energyto obtainthe numericallyex-
actresonanc@arameters-or scatteringabovethreshold the
effectiverangeparametersy,; andr,; areobtainedfrom the
seriesexpansion(4) of the $ matrix, and the value of 3,;
from Eg. (13). Using Egs. (8) and (13) we may relate the
lifetime for predissociatiorto the zero-temperaturéimit of
the collisional quenchingrate,

ZanPUj]m 1]
|avj|2

L1
ij _Zﬁrvj|avj|2

lim R,;(T).
T—0
(15

In Table | we presentthe effective range parametersalong

with the energieswidths, and lifetimes for predissociation.
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The resonancesorrespondindgo purevibrationaltransitions
are extremely narrow and were not resolved numerically.
The positionsand widths of the resonancegredictedby ef-

fective rangetheory are in good agreementvith those ob-

tainedfrom exacthumericalcalculationsThe effectiverange
parametersare particularly useful for characterizinglong-

lived resonancesvhere the exact numerical approachhas
difficulty achieving sufficient resolution. The scattering
length approximationcan be obtainedfrom Eq. (15) by set-
ting r,;= 0. For He-H, the lifetimes estimatedrom the scat-
tering length approximation17] differ from their exactval-

ueshy abouta factor of 2.

The s-wave scatteringresonanceslescribedabove are
sufficiently strongthatthey do not getwashedout by higher
partialwaves.Figure2 showsthe elastic-scatteringreshbach
resonanceshat occur just below the j=2 thresholdsfor v
=0 andv=1. Although the J=2 contribution (or equiva-
lently the s-wavecontributior) to the crosssectionis respon-
sible for the resonancesa maximumtotal angularmomen-
tum J of 30 was neededto secureconvergenceof the
backgroundcontribution. Experimentson trappedultracold
moleculesmay be ableto resolvetheseresonances.

IV. CONCLUSION

We havestudiedin detailthe spectrafeaturesof ultracold
atom-diatomcollisionsin the vicinity of thresholdsand pre-
senteda generalprocedurdor predictinglifetimesfor vibra-
tional androtational predissociationThe experimentakeal-
ization of trapped ultracold molecules should provide a
uniqueopportunityto study the thresholdbehaviorof colli-
sions betweenatomsand molecules.Measuremenbf spec-
tral featuresof the kind discussedn the presentwvork should
providea stringenttestfor atom-diatormpotentialenergysur-
faces.
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