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We
�

presentresultsof quantummechanicalscatteringcalculationsincludingfull rovibrationalcoupling
on� the relaxationof vibrationally excitedH� moleculesin collision with ultracold � He and � He

�
atoms.

The
�

exothermicvibrationaldeactivationcrosssectionsexhibit minima at translationaltemperaturesnear
10 K andshowaninversevelocity dependencein accordancewith Wigner’s thresholdlaw in thelimit of
zerokinetic energy. Thecorrespondingratecoefficientsexhibit minimabeforeattainingconstantvalues
below
� �����! 

K. Theratecoefficientsincreaseby 3 ordersof magnitudewhenthe initial vibrationallevel
of� the moleculeis raisedfrom "$#&% to '$(&)+* . The resultssuggestthat quasiboundresonancestates
of�-, HeH. and / HeH0 exist, associatedwith each excited vibrational state of H1 , and that both the
triatomic
2

species3 HeH4 and 5 HeH6 haveoneboundvibrationalstate. [S0031-9007(98)05812-8]

PACSnumbers:34.50.Ez,33.70.–w

In severalof the schemesthat havebeensuggestedfor
the
7

creationof ultracold molecules[1–5], translationally
cold8 moleculesin high lying vibrational levels are pro-
duced
9

as intermediaries.Thesehighly excitedmolecules
are: themselvesof interest becausethey open the pos-
sibility of measurementsof exothermic reactions at
ultracold; translationaltemperaturesand the experimental
testing
7

of threshold laws. In the conventional view
of< vibrational quenching[6] the processis driven by
the
7

derivative of the interaction potential with respect
to
7

intermolecular distance,and the rate coefficient is
expected= to decreaserapidly as the temperaturede-
creases8 to zero. However, at some point the behavior
of< the rate coefficientmust be modified by the influence
of< the long-rangepart of the interaction potential [7]
and: further modified by the requirementthat the cross
sectionsatisfiesthe thresholdlaw that it increasesas the
inverse of the velocity [8–12]. The zero temperature
rate> coefficient must be finite, though it may be very
small.

We
?

havesetupandsolvedtheclose-couplingequations
describing
9

the scatteringof He and H@ on< a reliable
potentialA energysurfacein which a sufficient numberof
rotationaland vibrational statesof HB hasbeenincluded
to
7

secureconvergence.We find quenchingcrosssections
whichC passthroughminimum valuesat collision energies
between
D EGFIHKJ

and: LGMINPO eV= andtendto increaseinversely
as: thevelocity belowenergiesof about Q!RISPT eV.= Therate
coefficients8 at ultralow temperaturesincreaseby 3 orders
of< magnitudeas the vibrational level is increasedfromU�V-W to

7YX[Z-\G]
.

In the total angular momentum representationof
Arthurs
^

and Dalgarno [13], the crosssectionsfor tran-
sitions from an initial vibrational-rotationallevel labeled
by
D

quantum numbers _I` to
7

a final level labeled by
quantuma numbersbdcfehg can8 be expressedin termsof the
corresponding8 S

i
-matrix elements[13,14]

jlk�m n+oqpsrut v+wyx z{}|�~�����������!�
�
���P� �}�������G�

� � ���K���
�u�¡  ¢�£K¤�¥

¥ ¦�§K¨+©}ª
«¬ ®q¯ °�±K²+³}´

µ·¶�¸¹¸»º·¼I½½u¾À¿�ÁsÁÃÂ�ÄÆÅPÇÈ¹È»ÉuÊuÊuË ÌsÌÃÍÏÎ Ð�Ñ
(1)
�

whereC Ò is
Ó

the total angularmomentumquantumnumber
and: Ô and: Õ¹Ö are,: respectively, the initial and final
orbital< angularmomentumquantumnumbers. The wave
vector× for the incoming channel is defined as ØKÙ!ÚÜÛÝPÞàß}áãâ�ä�å!æ�ç�èêéë

whereC ì is the total energy, í�î!ï is the
eigenenergy= of the initial rovibrationalstate,and ð is

Ó
the

three-body
7

reducedmass.Thetotalexoergicde-excitation
cross8 sectionto all openrovibrationalchannelsis thesum

ñóòõô÷öø!ùûú ü»ýþ ÿ�� ��� � ��� �
	����� �
��� (2)
�

Theratecoefficientfor a giventransitionis obtainedby
averaging: the appropriatecrosssectionover a Boltzmann
distribution
9

of velocities of the incoming atom at a
specifiedtemperature� :

����� �
������� �
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(3)
�

whereC pWq5rtsulvxw�yzx{�|�}�~��]� is
Ó

the kinetic energy of the
incoming
Ó

atomand �d� is
Ó

theBoltzmannconstant.
The
�

crosssectionsat zeroenergymay becharacterized
by
D

scattering lengths. If more than one channel is
open,< thescatteringlengthsarecomplexquantities�m�x����/�x���������x� [15]. The elasticcrosssectionfor level ���
is givenat zeroenergyby������x� �¢¡�£¥¤;¦o§¨x©�ª¬«�®x¯±°'² (4)
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FIG. 1. Ratecoefficientfor the relaxationof the ¹»º½¼ state¾
of para-H¿ in collision with À He. The solid line is the present
result obtainedfrom ÁgÂ?Ã;ÄÅ�Æ andÇ the symbolswith error barsare
the experimentalresultsof Audibert et al. [24].

and: the total inelasticcrosssectionbyÈ�É�ÊËxÌÎÍ Ï�Ð Ñ
Ò[Ó�ÔxÕ
Ö�×�Ø Ù�Ú�Û¬Ü�Ý¥Þ�ßxàâábãåäxæèç (5)
�

Thecorrespondingzerotemperatureratecoefficientisé�êxëÎì¢í�îðïñoòJóxô�õ�öø÷
(6)
�

The
�

coupledequationsfor the radial motion obtained
by
D

using the expansionfor the wave function in the
time-independent
7

Schrödingerequationweresolvedusing
the
7

nonreactivescatteringprogramMOLSCAT [16]. We

FIG. 2. Exothermic vibrational relaxation cross sectionù�ú�û ü;ý�þ�ÿ þ for � He–H� collisions asa function of kinetic energy.
Filled circles are the resultsobtainedusing the full interaction
potential and the open circles are the results obtained from
a calculation in which the long-rangepart of the potential is
omitted.

FIG. 3. Rovibrationaltransitioncrosssections����� �	��
� � in
�

H�
in � He collisionsasa function of kinetic energy.

obtained< the diatomicvibrationalwave functionsusedin
generating� thecoupledequationsasexpansionsin Hermite
polynomialsA with thediatomicH� potentialA of [17].

Close-coupling
�

calculationsfor collisions of
�
He with

H� havebeencarriedout using variouspotentialenergy
surfacesand scatteringformulations [18–22], and rate
coefficients8 have been reportedfor temperaturesabove
50
�

K. We haveadoptedthemorerecentpotentialenergy
surface(PES) of Muchnick and Russek[23]. Figure1
compares8 our calculationswith the experimentaldataof
Audibert
^

et� al. [24] on the transition from the �����
vibrational× level of H� to

7
the �! #" level

$
causedby

collisions8 with % He
&

for temperaturesbetween300 and
50
�

K. The closeagreementsuggeststhat the PES[23] is
reliable.> The measuredratecoefficientsfall very quickly
withC decreasingtemperature.

FIG. 4. Total quenchingcrosssections')(+*-,.0/ asÇ a function of
kinetic energyof incoming 1 He atomsfor different vibrational
levels of H2 . The curves correspondto cross sections for35476 to 8597:<; in ascendingorder.
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FIG. 5. Total vibrational relaxation rate coefficientsfor the
deactivationof H=?>@BA<C?D in collisionswith E He asa function of
temperaturefor different vibrational levelsof the molecule.

In Fig. 2 we show the 1-0 crosssectionextendedto
very× low incident energies. The crosssectiondecreases
to
7

a low minimum value at about2 FHGJI�KML eV= and then
increasesas the energydecreasesfurther, and eventually
conforms8 to aninversevelocity dependencein accordance
withC Wigner’s law. Thecrosssectionsobtainedwhenwe
suppressthelong-rangeattractiveforcesarealsoshownin
Fig. 2. It is clearthat the valuesof the low energycross
sectionsaredeterminedby the long-rangevan der Waals
interaction,
Ó

but evenin the absenceof the van der Waals
interaction
Ó

the crosssectionpassesthrough a minimum
and: increasesinverselyasthe velocity, thoughthe values
are: reducedby severalordersof magnitude.

The
�

crosssectionsfor quenchingof the N�OQPSRUTWV#X
rotational level into the individual rotational levels of
the
7 Y�Z\[

vibrational× state are shown in Fig. 3 at en-
ergies= in the thresholdregion. Rotationallevels beyond]_^Q`

are: not accessibleat low energies. The weakness
of< the anisotropyof the interactionpotentialcausessmall
changes8 in a to

7
be favored,but the final distribution is

modifiedb by the enhancementin scatteringinto high c
levels
$

causedby the matchingof the momentaof the in-
coming8 andoutgoingwaveswhich is closestfor the least
exothermic= channeld_eQf .

In
g

Fig. 4, we show the total quenchingcrosssections
as: functionsof the kinetic energyof incoming h He

&
atoms

for
i

the initial j_k#l rotational> stateof Hm and: vibrational
states nporq to

7ts�uQvJw
. The cross sectionsall pass

through
7

minima in the region xJy�zS{ eV= and increase
inverselywith velocityastheenergytendsto zero. At any
given� energy,the crosssectionsincreasewith increasing
vibrational× quantumnumber. The vibrational relaxation
takes
7

placepredominantlyby single quantumtransitions|~}��Q�
, in contrast to the case of H-H� for which

multiquantumb transitionsareprobable[25].
The
�

ratecoefficientsfor � He-H
& �

are: presentedin Fig. 5.
They
�

tend to constantvaluesat zero temperature. The
zero� temperaturevaluesincreasefrom ���\�J���M��� cm8�� s�M�
for
i �����

to
7���� ���\�J���M���

cm8�� s M¡ for
i ¢�£Q¤J¥

.
The
�

real and imaginarypartsof the scatteringlengths
for ¦ He and§ Hecolliding with ḦS©	ªM« are: listedin Table I.
Equations(1)–(6) may be used to calculate the zero-
energy= elastic and total inelastic crosssectionsand rate
coefficients.8 The real partsof the scatteringlengthsare
large,suggestingthatassociatedwith eachvibrationallevel
of< H¬ is a boundstateof He-H lying energeticallybelow
the
7

dissociationlimit of theHe-H®S¯-°M± complex.8 Thestate
associated: with ²!³7´ is

Ó
a true boundstate. The states

associated: with µ·¶#¸ are: quasiboundresonancestatesof
He-H
& ¹

and: they may undergovibrational predissociation
into
Ó

He+HºS»-¼M½ . Their predissociationlifetimes can be
obtained< from theimaginarypartsof thescatteringlengths
using; theexpression[15]

¾À¿?ÁÃÂrÄÆÅ ÇÉÈ?ÊSË ÌSÍÏÎÑÐÒ�ÓÕÔ?ÖØ×�Ù?ÚÜÛ (7)
�

The valuesof ÝÀÞ?ß are: listed in TableI. The lifetimes
are: much longer than the vibrational periods,indicating
that
7

the quasiboundstates are well defined. For the
lowest bound states,we estimate binding energiesof
0.0298
à

cmáMâ for ã HeHä and: 0.0016cmåMæ for ç HeHè but
D

TABLE I. Complexscatteringlengthsandlifetimes of the boundor quasiboundHe éêéêé H�ÕëÏìîíðï .ñ
He ò<òêò Hó ô He õ<õêõ Hö÷ øúù0û?üÅ ý þ�ÿ�� � Å � �����	��
�� ����	�Å � �����	�Å � �����	�����

0
�

95.6 0.0  24.7
!

0.0 "
1 101.0 #%$ &('*),+.-	/ 0%1 0(24365.7.8 25.3

! 9,:<;(=4>,?A@	B C,D<EGF*H,I.J.K
2 98.8 L6M N(O*P,Q.R	S T%U V(W4X6Y.Z	[ 25.5 \^]<_(`4a,bAc	d e^f<gGh*i,j.k	l
3
m

88.9 n%o p(q*r,s.t	u v6w x(y4z6{.|	} 25.1 ~,�<�(�4�,�A�	� �,�<�G�*�,�.�	�
4 74.7 �%� �(�*�,�.�	� �%� �(�4�6�.�	� 24.3 �^�< (¡4¢,£A¤	¥ ¦^§<¨G©*ª,«.¬	
5
®

60.1 ¯6° ±(²*³,´.µ	¶ ·6¸ ¹(º4»6¼.½	¾ 23.0
! ¿^À<Á(Â4Ã,ÄAÅ	Æ Ç,È<ÉGÊ*Ë,Ì.Í	Î

6
Ï

47.5 Ð%Ñ Ò(Ó*Ô,Õ.Ö	× Ø%Ù Ú(Û4Ü6Ý.Þ	ß 21.4
! à^á<â(ã4ä,åAæ	ç è^é<êGë*ì,í.î	ï

7
ð

37.4 ñ%ò ó(ô*õ,ö.÷	ø ù6ú û(ü4ý6þ.ÿ�� 19.5
�������	��
��� ���������������

8
�

29.5 ��� ���� �!�"�# $�% &�'	(*)�+�, 17.5 -�.�/�0	1�23�4 5�6�7�8�9�:�;�<
9
=

23.5 >�? @�A�B�C�D�E F�G H�I	J*K�L�M 15.6 N�O�P�Q	R�ST�U V�W�X�Y�Z�[�\�]
10 18.8 ^�_ `�a�b�c�d�e f*g h�i	j*k�l�m 13.7 n�o�p�q	r�st�u v�w�v�x�y�z�{�|
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the
7

values are sensitive to the details of the potential
energy= surface.
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