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Collisions
�

betweenargon atoms and hydrogen moleculesare investigatedat very low temperatures.
Quantum-mechanical
�

calculationsare performedusing two different potential-energy surfaces.Rate coeffi-
cients� for all possiblecombinationsof initial vibrationalandrotationallevel havebeencomputedin the limit
of� zerotemperature.Resonantandquasiresonantbehavioris found usingboth potential-energy surfaces.The
results� areinterpretedandestimatesaremadeof the reliability of the calculations.
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I.
�

INTRODUCTION

In a seriesof recentpapers� 1–5� ,� variousaspectsof rovi-
brational
�

energy transferin ultracoldatom-diatomcollisions
were� explored.Motivatedby experimentalmethodssuchas
helium buffer gas cooling � 6��� and� helium cluster isolation
spectroscopy� � 7��� ,� the theoreticalstudieseachassumeda he-
lium
�

atom collision partner. The helium experiments,to-
gether� with othercoolingandtrappingschemes� 8–

 
16! ,� have

opened" up a newtemperatureregimeto studyatom-molecule
dynamics.
#

Most of the current experimentsinvolving cold
molecules$ involve atomsthat are heavierand interactmore
strongly� thanhelium.Therefore,it is desirableto extendthe
investigations% 1–5& to

'
include atomsthat are heavierand

allow� a deepervanderWaalspotentialwell thansystemsthat
contain( helium atoms.

It
)

is also generallydesirableto provide estimatesof the
accuracy� of the calculations.Becausepotential-energy sur-
facesarenot designedfor ultracold temperatures,it is diffi-
cult( to estimatethe accuracyof resultsthat employ them.It
was� shown * 1+ that

'
the crosssectionfor exothemicvibra-

tional
'

relaxationin ultracold He-H2
, collisions( decreasedby

several� ordersof magnitudewhenthe long-rangepart of the
potential- wasneglected.More realisticestimatesof theaccu-
racyof thescatteringresultsmaybemadewhenthereexists
more$ than one reliable parametrizationof the potential-
ener. gy surfacefor a givensystem.Suchis thecasefor Ar-H2
where� we haveemployedthe useof both parametrizations
reported/ by Schwenke,Walch,andTaylor 0 171 .

New
2

techniqueshavebeendevelopedrecentlyfor prepar-
ing moleculesin highly excited vibrational and rotational
states� 3 18,194 . Techniquesbasedon photoassociationspec-
troscopy
'

typically producevibrationallyexcitedmoleculesas
intermediate
5

states 6 8–
 

127 . In many experimentsinvolving
ultracold8 molecules,it is the total collisional relaxation 9 2:
that
'

is important.In thesecases,it is sufficientto describethe
collisions( in termsof a complexscatteringlength ; 20

<>=
. The

imaginary
5

part of the scatteringlengthis proportionalto the
total
'

zero-temperaturequenchingrate coefficient.This may
be
�

found by solving a setof coupled-channelequationsand
summing� all state-to-stateratecoefficientsthatareconnected
to
'

the incomingchannel.However, if it is only the total rate
coefficient( that is desired,thenit shouldbepossibleto model
the
'

interactionusing a radially symmetriccomplex optical
potential.- In thepresentwork, we beginto addressthis issue

by
�

consideringa complexsquare-wellpotential.We demon-
strate� that many of the important featuresof a numerically
exact. coupled-channelcalculationmay be qualitatively un-
derstood
#

in termsof this simplemodel.
W
?

ith the aid of the complexscatteringlength, a kinetic
model may be constructedfor describingthe relaxationof
vibrationally@ or rotationally excited trappedmolecules A 2B .
The
C

relaxationmaybedueto direct collisionalquenchingor
to
'

the formation and decay of van der Waals complexes.
When
?

the end-over-end angularmomentumof the complex
is zeroandthe vibrationalstretchingquantumnumberis the
lar
�

gestpossibleintegerthatallows thecomplexto bebound,
it
5

is possibleto use effective rangetheory to computethe
lifetimes for predissociationD 2,21E . The numericalteststhat
confirmed( the reliability of the effective rangetheory were
performed- on He H

F
2 that
'

supportedonly a single bound
state.� In the presentwork, we performsimilar testsfor Ar

H2 where� severalboundstatesexist.
It was previouslydemonstratedG 21H that

'
predissociation

of" the mostweakly boundstateof a van derWaalscomplex
is
5

influencedby the samequasiresonantvibration-rotation
ener. gy transferthat is found in atom-diatomcollisions I 22J .
It wasalsoshownthat theproximity of closedquasiresonant
channel( thresholdsprovidesa strong influenceon the life-
times
' K

21
<>L

. In the presentwork, we studythe analyticstruc-
ture
'

of thethresholdbehaviorobtainedusingbothparametri-
zationsM of theAr-H2

, potential-ener- gy surfaceandinvestigate
whether� quasiresonantdynamicshas any influence on the
moredeeplyboundstatesof the complex.

Thepaperis organizedasfollows: in Sec.II, we describe
a� few qualitativefeaturesof thepotential-energy surfacethat
are� important for our investigations.SectionIII providesa
review of the standardclose-couplingformalism that we
used8 to obtain an extensivedatabaseof rovibrational rate
coefficients( andpredissociationlifetimes for both of the pa-
rametrizedsurfaces.In Sec.IV, we demonstratehow a com-
plex- square-wellpotentialmay be usedto providea qualita-
tive
'

descriptionof severalof the key resultsthat are found
from
N

the numerically exact coupled-channelcalculations.
Theseresultsare presentedin Sec. V. Conclusionsto our
investigationaregiven in Sec.VI.

II. POTENTIAL-ENERGY SURFACE

For
O

the Ar-H2
, potential-ener- gy surface,we useboth fits

reported/ by Schwenke,Walch, and Taylor P 17Q . Surface1
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reproducesabX initio data
#

but not empirical estimatesof the
van@ der Waals well while surface2 smoothly interpolates
between
�

theabX initio data
#

andempiricalestimatesof thevan
der
#

Waalswell Y 17Z . Figure1 showsthesphericallysymmet-
ric/ partof theAr [ H

F
2
, interaction
5

potentialaveragedover the
vibrational@ wavefunction for \^] 1,2,3,4.The well depthfor
the
'

two potential-energy surfacesdiffer by about20 cm_ 1

but
�

doesnot vary significantly with ` . Figure 2 showsthe
spherically� symmetricpart of the Ar a H

F
2 interaction
5

poten-
tial
'

averagedover the vibrational wave function for bc 6,8,10,12.
�

As the diatomicvibrationalenergy is increased
towards
'

dissociation,the well depthdecreasesand is pulled
outward." Becausethesefits weredesignedto be usedin en-

er. gy transferstudiesinvolving dissociationand recombina-
tion
' d

17e ,� they canbe expectedto modelthe large stretching
that
'

is importantfor vibrational relaxationof highly excited
molecules.$

III. CLOSE-COUPLING EQUATIONS

W
?

e havecomputedratecoefficientsfor all possiblecom-
binations
�

of initial vibrationalandrotationallevel in thelimit
of" zero translationaltemperature.The computationswere
performed- separatelyfor eachpotential-energy surfaceusing
an� exact quantum-mechanicalclose-couplingformulation.
For the sakeof completeness,we providea brief review of
the
'

diabatic close-couplingprocedureused in the present
work.� The atom-diatomHamiltonian in the center-of-mass
frame
N

is given by

H fhg 1

2mikj rl2,nm 1

2 o p R
q2,srutwv r xzy V I

{}| r,� R,��~�� ,� � 1�
where� r� is

5
thedistancebetweenthehydrogenatoms,R

�
is
5

the
distance
#

betweenthe argon atom and the centerof massof
the
'

diatom, � is
5

the anglebetweenr� and� R
�

,� mi is
5

the re-
duced
#

massof the diatom,and � is the reducedmassof the
ar� gon atomwith respectto the diatom.

The
C

diatomicSchrödinger
#

equation

1

2mi
d
� 2

dr
� 2
,�� j

�s�
j
���

1 �
2mri 2

,��u�w� r ������� j
� ���

j
� � r ¡�¢ 0

£ ¤
2¥

is
5

solved by expanding the rovibrational wave function¦¨§
j
� (© r)
ª

in a Sturmianbasisset. The full wave function is
expanded. in a setof channelfunctions « n¬^ (

©�®
j l
�

)
ª�¯

,�
° JM
±³²

Ŕ,� rµ·¶�¸ 1

R

¹
nº Cnº�» R ¼�½ nº�¾ R̂,� r¿·À ,� Á 3Â�Ã
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nº�Å R� ˆ ,� r� Æ·Ç�È 1
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��Ì r��ÍnÎ
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Ð
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� ,� MÕ×Ö
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ØÚÙ Y mÏ j

Ðj
�kÛ

r�ˆ Ü Y mÏ l
Òl
ØÞÝ

R
� ˆ ß ,�à

4á
where� l

â
is
5

the orbital angularmomentumof the atom with
respectto thediatom,J

ã
is the total angularmomentum,M is

the
'

projection of J
ã

onto" the space-fixed zä axis,� and
(
©
j l
�

J å mi j
� ,� MÕ×æ

mi l
Ø )ª denotesa Clebsch-Gordoncoefficient.Op-

erating. the Hamiltonian ç 1è on" the channel functions é 3Â�ê
leadsto a setof coupledequations

d
� 2
,

dR
� 2 ë l

â
mÏ^ì lâ mÏ�í 1 î

R
� 2 ï 2

<sð
E
ñ

mÏ CmÏwò R�ôó�õkö
nº Cnºn÷ R�ôø

ùûú�ü
mÏ^ý U I

{·þ�ÿ
nº�� ,� � 5���

where� EmÏ is the translationalenergy and l
â

mÏ is the orbital
angular� momentumin themi th

'
channel.Thereducedinterac-

tion
'

potentialU I
{ is expandedin Legendrepolynomials,

U I � R,� r,���	��
 2 � V I  R,� r,������������
0
�
�

U ��� R,� r � P ��� cos( �	�� 6��!

FIG.
"

1. Sphericallysymmetricpart of the Ar # H
$

2
% interaction

potential averaged over the vibrational wave function for &' 1,2,3,4.The well depth differs by about 20 cm( 1 for the two
potential-energy surfacesanddoesnot vary significantlywith ) .

FIG. 2. Sphericallysymmetricpart of the Ar * H2 interaction
potential averaged over the vibrational wave function for +, 6,8,10,12.As thediatomicvibrationalenergy is increasedtowards
dissociation,the well depthdecreasesandis pulled outward.
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and� the close-couplingequations / 5��0 are� solved using the
general� inelastic-scatteringprogram MOLSCAT 1 232 . The
cross( sectionsandratecoefficientsaregiven by 3 24

<54
687

j
�:9<;�=

j
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2
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7
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R
���

j
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�
B
� T
�

/
�?�8��� 1/2

1�
k
�

B
� T
�V� 2 0

�
�G�8�

, j
�:�<���

, j
�?�e  Eñ k

¡�¢
£

exp.¥¤\¦ Ek
¡ /
�
k
�

B
� T § Ek

¡ dE
�

k
¡ ,� ¨ 8 �©

where� T is the temperatureandk
�

B is Boltzmann’s constant.
In
)

the presentpaper, we are mostly interestedin the T
�«ª

0
£

limit of Eq. ¬ 8 � . This asymptoticlimit providesa good ap-
proximation- for argon collisions with hydrogenmolecules
when� the temperatureis reducedto a few mK. The total
quenching® ratecoefficientsR ¯ j

� (© T)
ª

aregiven by

R
��°

j
�E± T�V²�³µ´¶�· j�Z¸ R

��¹
j
�:º<»�¼

j
�Z½p¾ T��¿ . À 9Á�Â

The complex scatteringlength aXÄÃ j
�ÆÅÈÇPÉ

j
�ÆÊ i

Ë�ÌÎÍ
j
� may be de-

fined
Ï

in termsof the quantitiesgiven in Eqs. Ð 7��Ñ – Ò 9Á�Ó using8
the
'

zero-energy elastic-scatteringcrosssection

Ô8Õ
, j
�:Ö<×

, j
�ÆØ 4 ÙÛÚ?ÜPÝ j

�2 ÞàßÎá
j
�2 â�ã 4 äæåPç j

�2 è 10é
and�

lim
T ê 0
� R ë j

�Eì T í�î 4
ïÎð�ñ�òÎó

j
�ô . õ 11ö

To obtain the predissociationlifetimes, the close-coupling
equations. aresolvedfor energiesbelow threshold,the S

y
ma-

trix
'

is diagonalizedandthe eigenphasesumis differentiated
with� respectto energy to obtainnumericallyexactresonance
widths.� The predissociationlifetime is then given by ÷Æø j

�
,nºùûú /

�:üþý
j
�
,nº where� n¬ is thequantumnumberof theboundstate

of" the van der Waalscomplex.The inverseof the predisso-
ciation( lifetime of themostweaklyboundstateof thevander
W
?

aalscomplexwasfound to be well approximatedby ÿ 2<��
���

j
�� 1 � 1

2 � r � j
�
	 aX�� j

�
 2, 1 � 2
<����

j
� r��� j
��

aX�� j
�
� 2,

� 1/2�
1 lim

T � 0
� R � j

�
� T � ,��
12 

where� r��! j
� is
5

the effective range for the channelpotential
labeledby " and� j

�
.

IV. MODEL

In many cases,we are only interestedin bulk properties
such� asthe total inelasticcrosssectionor ratecoefficient.In

such� cases,we would like to replace the exact coupled-
channel( formulation by an approximateoptical potential
model$ # 25,26

< $
. We consider the partial-waveSchrödinger

#
equation.

1

2 % d
� 2

dR
� 2
,'& l

â
(
l
â�)

1 *
2 + R2

,-, V . R /10 E u2 l
Ø43 R 576 0,

£ 8
139

where� V(
©
R)
ª

is a radially symmetriccomplex potential. In
general,� the imaginarypart of the complexpotentialwould
depend
#

on energy : 2< 5–27; . However, becausethe imaginary
part- of the scatteringlength is independentof energy, we
may assumethe complexpotential is also energy indepen-
dent
#

in the T
�=<

0
£

limit. A simple model may be found by
considering( a complexsquare-wellpotential

U > R�=?7@ 2
<BA

V C R�=D1E FHG U1 I iU
Ë

2 J ,� R
�LK

aX ,�
0,
£

R
�NM

aX ,�
O
14P

where� U1 and� U2
, are� real andU2

,RQ U1. The complexphase
shift� S

0
� is obtainedin the usualway T 28U by

�
matchingthe

interior andexterior radial functionsandtheir derivativesat
R V aX . The result is

W
0
�YX n¬[Z]\ ka

�
1 ^ tan

'`_
aXa aX ,� b 15c

where� d 2 e k
� 2 f U1 g iU

Ë
2
, and� n¬ is

5
the number of bound

states� supportedby the potential. The complex scattering
length is

hji i
Ëlknm

aX 1 o tan
'qp

aXr
aX ,� s 16t

where�
u]vxw

U1 y iU
Ë

2 z|{ 1 } i
Ël~

2 � 17�
with� �

1 �x� U1 and� �
2 � U2/2

���
U1. A connectionto bound

states� may be madeby performinga similar matchingpro-
cedure( with anexponentiallydecayingexteriorfunction.For
a� weakly boundstatewith energy E and� decaywidth � ,� the
result is

tan
'q�

aX� ��� 2
<B�

E
ñL� i

Ë
2
<�� � 1/2

. � 18�
Equations
� �

16� and� � 18� lead
�

to

E
ñL���|� 2

2
<B� � 2

, and� ¡£¢ 2¤ 2¥¦ § 3
¨ ,� © 19ª

which� agreewith resultsderivedpreviously « 20¬ . Matching
real/ andimaginarycomponentsin Eq.  16® yields¯
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²j³ aX
´¶µ 1 tan

'¸·º¹
1aX�» sech� 2

,�¼º½
2aX�¾7¿|À 2 tanh

' ÁºÂ
2aX�Ã sec� 2

,�ÄºÅ
1aX�ÆÇlÈ

1
2 É|Ê

2
2 Ë1Ì 1 Í tan

' 2 ÎlÏ
1aXÑÐ tanh

' 2 ÒlÓ
2
, aX�ÔÖÕ ,�

×
20
<¶Ø

ÙnÚ|Û 1 tanh
' ÜlÝ

2aX�Þ sec� 2
,�ßºà

1aXÑá7â|ã 2 tan
'åäºæ

1aX�ç sech� 2
,Yèlé

2aX�êëlì
1
2 í|î

2
2 ï1ð 1 ñ tan

' 2 òló
1aXÑô tanh

' 2 õlö
2
, aX�÷Öø .ù

21ú
Since
û

we are interestedin modeling inelasticcollisions for
weakly� coupledsystems,it is sufficientto considerpotentials
that
'

satisfy the conditionü
2aX'ý cot(qþ

1aX . ÿ 22�
Equations
� �

20
<��

and� � 21
<��

may$ besimplifiedby usingthelead-
ing order small-x� approximations� for the hyperbolic func-
tions
'

with x�	��
 2
, aX . The result is

�� aX�� tan
'����

1aX���
1

,� � 23�

����� 2�
1

aX sec� 2 �� 
1aX�!#" tan

'�$&%
1aX�'(

1
. ) 24

<�*
In the following section,we show that the dimensionless
ratio/ + /

�-,
obtained" by solving the set of coupledequations.

5
�0/

is not very sensitiveto thedetailsof thepotential-energy
surface.� Thecomplexsquare-wellpotentialmodelprovidesa
simple� explanationfor this behavior. Using Eqs. 1 23

<�2
and�3

24
<�4

,� we obtain
5
6�7 U2

,
2U1

8
1 9 f

:<;
aX>= 1 ?A@ ,� B 25C

where�
f
:<D

x�FE#G x� tan
' 2x�

x�IH tan
'

x� . J 26K
The
C

function f
:

(
©
x� )
ª

hassingularitiesat x�	L (
©
n¬�M 1/2) N . These

singularities� are the so-calledzero-energy resonancesthat
occur" when the n¬ th

'
bound state is locatedat exactly zero

ener. gy. Away from thesesingularities,it is useful to let x�O n¬IPRQTS with� the result

f
:VU

n¬IWYXTZ\[#]_^ n¬I`YaTb\c tan
' 2
,ed

n¬IfRgThji tan
'lk ,� mon>prqts /2.

� u
27
<�v

Equation w 27x is plotted in Fig. 3 for n¬�y 0,1,
£

and 2. The
figure
Ï

showsthat f
:

(
©
n¬IzY{T| )ª is flat andnearzerofor mostof

the
'

allowedvaluesof } . Therefore,the ratio of imaginaryto
real/ part of the scatteringlength ~ see� Eq. � 25

<����
will� be ap-

proximately- equalto onehalf the ratio of imaginaryto real
part- of the potential.Any linear variationin the reducedpo-
tential
'

will scaleout of the problemwhenever� is
5

not too
close( to the singularendpoints. In this case,we would not
expect. theratioof � to

'��
to
'

beverysensitiveto thedetailsof

the
'

potential.However, anomalousbehaviormayoccurwhen�
is nearoneof theendpoints.In particular, theright sideof

the
'

interval showsthat for n¬�� 0
£

the function f
:

has
�

oneaddi-
tional
'

singularity beforereachingthe end point correspond-
ing to the zero-energy resonance.Equations� 23� – � 27� show�
that
'

this additional singularity occurs when ��� 0
£

and �� 1
2 U2
, aX 3
�
. This type of singularity is found in the scattering

data
#

for Ar � H
F

2 � see� following section� but
�

not for He� H
F

2
that
'

supportsonly a single boundlevel. In order to analyze
the
'

end-pointzero-energy resonance,it is convenientto use
the
'

result

��� aX���
n¬�� 1/2�e��� 2

, f
:V�� 

n¬�¡ 1/2¢e£R¤T¥§¦ ,� ¨ 28©

ª�« aX
2
< U2

U1

f
¬VA®

n¬�¯ 1/2°e±R²T³§´µ
n¬V¶ 1/2·e¸

2
,
,� ¹ 29

<�º

where�

f
¬V»A¼

n¬�½ 1/2¾À¿YÁTÂ§Ã0Ä
Å
n¬�Æ 1/2ÇeÈÉ ,� Ê\Ë 0.

£ Ì
30
Â�Í

It wasfound previously Î 21Ï that
'

the ratio Ð /
�-Ñ 2
,

is a smooth
functionof the reducedmassin thevicinity of a zero-energy
resonance./ The complex square-wellpotential model pro-
vides@ a simpleexplanationfor this behavior. TheparameterÒ
in Eq. Ó 30

Â�Ô
is proportionalto the reducedmassthat is as-

sumed� to bea continuousvariable.ThecomponentsÕ and� Ö
diver
#

ge as ×\Ø 0
£

, but the ratio Ù /
�-Ú 2 remains/ finite and is

given� by

Û
Ü 2
,�Ý U2

,
U1

Þ�ß
n¬�à 1/2áeâäã 2

2aX . å 31
Â�æ

FIG. 3. The function f
ç

(
è
néëêRìîí ) as a function of ï for n ð 0,1,

and2.
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V. RESULTS

Figure 4 showsultracold quenchingrate coefficientsfor
Ar
óõô

H
F

2(
©�ö

,� j�ø÷ 0
£

). Theseresultswereobtainedby solving the
close-coupling( equationsusing surface2. The ù�úäûýü 1,þ j

�
ÿ 6
�

transition dominatesall the othersfor � � 13. Qualita-
tively
'

similar behavioris foundfor surface1. Thespecificity
of� this transition is reminiscentof the quasiresonanttransi-
tions
'

that were found in He� H2(
©��

,� j� )
ª

collisions in the limit
of� zero temperature

�
3,5,21
Â �

. In thesetransitions,the zero-
temperature
'

quenching rate coefficients are greatly sup-
pressed- at the value of j

�
where� the classicaldynamicspre-

dicts
�

there should be a maximum. The rate coefficients,
however
	

, tend to be greatly enhancedon either side of the
classical( peaks
 3,5,21

Â �
. For H 2 molecules,the classicaldy-

namics� predictsa ������ 1,� j
���

6
�

peak at j
���

6
�

and a ������ 1,� j
���

8
 

peak at j
���

4. Becausethe  �!�"�# 1,$ j
��%

8
 

channels( areeitherclosedor very closeto beingclosed,it is
the
' &�'�(�)

1,* j
��+

6
�

transitionthat dominates.
Figure
,

5 comparesthe ultracold rate coefficientsfor the
dominant
� -�.�/�0

1,1 j
��2

6
�

transitioncomputedusingsurface
1 with thosecomputedusingsurface2. The resultsdiffer by
an3 orderof magnitudeor more for the two potential-energy
surfaces4 andthereis astrongmaximumin theratecoefficient
for surface1 when 5�6 12.As describedin Sec.IV, the ratio
of� imaginary to real part of the complex scatteringlength
provides- a dimensionlessparameterthat is lesssensitiveto
the
'

choiceof potential-energy surface.This is shownin Fig.
6.
�

As expected,the two curvesdiffer significantly near 78 12. We investigatedthe anomalousbehaviorfor surface1
when� 9�: 12. Figure7 showsthe quenchingratecoefficients
as3 a function of the reducedmass.Thereis a strongmaxi-
mum$ in the ratecoefficientswhenthe reducedmassis very
close( to its truevalueof 1.92amu.Therefore,theanomalous
behavior
�

is dueto a zero-energy resonancethatoccurswhen
the
'

last boundstateof the Ar ; H
F

2
, complex( is pushedacross

the
'

threshold.This feature is absentin the <�= 12, j
��>

0
£

cross( sectionsobtainedusing surface2. However, we have
found
N

similar anomalousbehaviorfor othervaluesof ? and3
j
�
. Generally, suchfeaturesareextremelysensitiveto thefine

details
�

of the potential-energy surface.
The nearly exponentialincreasein the zero-temperature

quenching® ratecoefficientsasa functionof vibrationalquan-
tum
'

numberis a consequenceof the energy mismatchbe-
tween
'

the initial andfinal diatomicstates.In Fig. 8 we plot
the
'

dominant@BA�C�D 1,E j
��F

6
�

transitionvs thefinal momen-
tum
'

for the j
��G

0
£

initial state.The H�I 1 ratecoefficientis at
the
'

far right of eachcurvewith the higher J ’s moving left-
ward� in ascendingorder. Becausethesetransitionsare qua-
siresonant,4 the indirect couplingtermsareimportant K 21,29L
and3 the rate coefficients deviate from the exponential
momentum-gap$ dependencethat is oftenfoundin vibrational
predissociation- M 30

ÂON
. Figure8 showsthat theratecoefficients

FIG.
P

4. Quantum-mechanicalcalculationsof ultracold quench-
ing ratecoefficientsfor Ar Q H2( R , j

SUT
0) asa function of the initial

vibrational quantumnumber V . The calculationswere performed
usingsurface2.

FIG. 5. Quantum-mechanicalcalculationsof ultracold quench-
ing ratecoefficientsfor Ar W H

X
2(
èZY

,[ jSU\ 0
ò

) asa function of the initial
vibrational quantum number ] . Both curves are for the ^`_bac 1,d j

SUe
6 transition.

FIG. 6. Ratio of fhg 0
i to jlk 0

i asm a function of the initial vibra-
tional quantumnumber n .o
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deviate
�

more strongly from the exponentialmomentum-gap
behavior
�

as the vibrational quantumnumber is increased.
This is to be expectedconsideringthat the rate coefficients
must$ tendto zeroasthe momentumgapis closed p 21

<Oq
.

Rotational
r

distributions of zero-temperatureinelastic
quenching® rate coefficientsare shownin Figs. 9 and10 fors

j
��t�u

4
ïwvBx

transitions.
'

The curvesincreasevertically with
increasingvibrational quantumnumber y starting4 with z{ 1. Thegapin thecenterof thecurvesis dueto theclosing
of� the transition. To the left of the gap, it is the |�}�~� 1,� j

���
4 transitionthat is open,whereasto theright of the

gap,� it is the �B��� 1,� j
�����

4
ï

transitionthat is open.These

curves( are similar to those reportedpreviously for HeH2
,�

3,21
Â �

. However, becausetheArH2
, surfaces4 allow for greater

diatomic
�

stretching,we have included the rate coefficients
for high valuesof � . It is interestingto note that irregular
behavior
�

appearsin bothsetsof calculations,but at different
values@ of � . We believethis irregular behavioris relatedto
the
'

decreasingenergy differencebetweenthe van der Waals
potential- well and the diatomic energy spacingsas � in-

5
creases.( Becausethe potentialwells aredeeperfor surface2
than
'

surface1, it is not surprisingthat the irregularbehavior

FIG. 7. Rate coefficientsfor the �b� 12,j
�U�

0 initial stateas a
functionof thereducedmass� . Thetotal quenchingratecoefficient
is dominatedby the �`�b��� 1,� j

�U�
6
�

contributionand hasa peak
very closeto thephysicalreducedmassof 1.92amu.Surface1 was
usedfor thesecalculations.

FIG. 8. Ratecoefficientsfor the ���w��� 1,� j
�U 

6
�

transitionasa
function of the final momentumk f

¡ andreducedmass¢ . For each
curve, the low vibrational levels are at the far right and the high
vibrationallevelsareat the far left, andthe rotationallevel is zero.
Surface2 wasusedfor thesecalculations.

FIG. 9. Rate coefficientsfor the £ j
�U¤�¥

4¦`§ transition
¨

as a
function of the initial rotationalquantumnumberj

�
.o The curvesin-

creasevertically with increasingvibrational quantumnumber ©
startingwith ªw« 1. Thegapin thecenterof thecurvesis dueto the
closingof the ¬ j

�U�®
4̄`° transition.

¨
Surface1 wasusedfor these

calculations.Irregularbehaviorbeginsto appearwhen ±b² 12.

FIG. 10. Rate coefficientsfor the ³ j
�U´�µ

4¶`· transition
¨

as a
function of the initial rotationalquantumnumberj

�
.o The curvesin-

creasevertically with increasingvibrational quantumnumber ¸
startingwith ¹wº 1. Thegapin thecenterof thecurvesis dueto the
closingof the » j

�U¼�½
4¾`¿ transition.

¨
Surface2 wasusedfor these

calculations.Irregularbehaviorbeginsto appearwhen ÀbÁ 5.
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for
N

the surface2 resultsbegin at smallervaluesof Â com-(
pared- to the surface1 results.

W
?

e studiedthe irregular behaviorof the rate coefficient
for the Ã�Ä 5,

�
j
��Å

1 level calculatedusing surface2 Æ see4 Fig.
10Ç . Therealandimaginarycomponentsof thecomplexscat-
tering
'

length are plotted in Fig. 11 as a function of the re-
duced
�

mass.The imaginarypart È 5,1
É hasbeenmultiplied by

a3 factor of 1000 in order to be seenon the samegraph.
Figure
,

11 showsthat thevalueof Ê 5,1
É passes- throughzeroin

the
'

vicinity of the physical reducedmassof 1.92 amu.As
described
�

in Sec.IV, this behaviorcan only occur for sys-
tems
'

thathaveat leastoneboundstatein additionto thestate
corresponding( to the zero-energy resonance.When Ë is
tuned
'

to the zero-energy resonance,the valuesof Ì 5,1
É and3Í

5,1
É show4 behaviorsimilar to Eqs. Î 28

<ÐÏ
and3 Ñ 29

<OÒ
derived
�

for
a3 complexsquare-wellpotential.It is interestingto notethat
the
'

zero-temperaturerate coefficientsfor HeÓ H2
,ÕÔ 21Ö did

�
not� showthekind of irregularbehaviorseenherebecausethe
He H2 van@ der Waalscomplexonly supportedonebound
state4 for eachrovibrational level. When the reducedmass
was� varied in order to move this bound state into a zero-
ener× gy resonanceØ 21Ù ,� then the systembehavedsimilar to
the
'

n¬ÛÚ 0
£

curveshownin Fig. 3 andit wasnot possiblefor Ü
to
'

passthroughzero.
Recentcalculations Ý 21Þ used8 effective range theory to

study4 the effect of quasiresonantdynamicson the predisso-
ciation( of the most weakly bound statesof van der Waals
molecules.$ The distributionof predissociationlifetimes with
initial diatomicrotationalquantumnumberrevealedinterest-
ing structurethat was interpretedusing classicaldynamics.
Figure 12 showsa similar distribution for Ar ß H2(

©áà
,� j� )
ª

for
j
��â

10.Theseresultswereobtainedfor thehighestvibrational
level of the l

â�ã
0
£

van der Waals complex using the eigen-
phase- sum method ä 2<æå . The similarity betweenthesedistri-
butions
�

supportsthe reliability of the effective rangetheory

for
N

the most weakly boundstate.Figure 13 showsthat the
rotational distribution for less weakly bound statesof the
complex( also possessthe samequalitative structure.This
suggests4 that classicaldynamicsis playing a role for these
states4 aswell.

VI. CONCLUSIONS

W
?

e haveinvestigatedcold collisions using two different
parametrizations- of the electronic potential-energy surface
for argon atomsinteractingwith hydrogenmolecules ç 17è .
By
é

comparingthe resultsof thesetwo setsof calculations,
we� estimatethat our scatteringdatais reliable to within an
order� of magnitudewhen there is no anomalousthreshold
behavior
�

. Theratio of real to imaginarypartof thescattering
length
ê

is not assensitiveto the potentialenergy surfaceand
is
5

typically reliableto within a factorof 2. Becausesurface2

FIG.
P

11. Real and imaginarycomponentsof the complexscat-
tering lengthfor ëbì 5,

í
j
�Uî

1 as a functionof the reducedmass.Sur-
face 2 was used for thesecalculations.The value of ï 5,1

ð variesñ
between5 and òôó in

õ
the vicinity of the physicalreducedmassof

1.92amu.Thevalueof ö 5,1
ð has
÷

beenmultiplied by a factorof 1000
in order to be seenon the samegraph.

FIG. 12. Predissociationlifetime of themostweaklyboundstate
of theAr øùøùø H2( ú , j

�
) complexfor ûbü 2 as a functionof j

�
. Thesolid

curvewascomputedusingsurface1 andthedottedcurvewascom-
putedusingsurface2.

FIG. 13. Predissociationlifetime of the secondmost weakly
boundstateof theAr ýùýùý H2

% ( þ , j
�
) complexfor ÿ�� 2

�
as a functionof

j
�
. The solid curve was computedusing surface1 and the dotted

curvewascomputedusingsurface2.
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does
�

a betterjob of reproducingthevanderWaalswell � 17� ,�
we� believethe resultsobtainedusingsurface2 areprobably
more$ reliablethanthoseobtainedusingsurface1.

W
?

e haveshownthata simplecomplexsquare-wellpoten-
tial
'

model is very useful for interpretingthe resultsof com-
plicated- coupled-channelcalculations.For weakly coupled
systems,4 the ratio of real to imaginarypart of the scattering
length
ê

is typically equalto twice the ratio of real to imagi-
nary part of the square-well potential when there is no
anomalous3 threshold behavior present.The radius of the
square-well4 potential may be usedas an additional fitting
parameter- for caseswhereanomalousthresholdbehaviorex-
ists.

Both setsof scatteringdatarevealresonantandquasireso-
nant� behavior. As expected,theresonancesarevery sensitive
to
'

the detailsof the surface,so predictionsof the resonant
parameters- are not quantitatively reliable. However, the

qualitative® featuresof the resonantandquasiresonantbehav-
ior aresimilar for bothsetsof scatteringdata.Therefore,we
would� expectthat new dataobtainedfrom trappedmolecule
experiments× couldbe readilyusedto selectandfine tunethe
potential-ener- gy surface.
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