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We presentesultsof quantummechanicakcatteringcalculationsncluding full rovibrationalcoupling
on the relaxationof vibrationally excitedH, moleculesin collision with ultracold *He and“He atoms.
The exothermicvibrationaldeactivationcrosssectionsexhibit minima at translationakemperaturesear
10K andshowaninversevelocity dependenc@n accordancevith Wigner'sthresholdaw in thelimit of
zerokinetic energy. The correspondingate coefficientsexhibit minimabeforeattainingconstanwalues
below10~? K. Theratecoefficientsincreaseby 3 ordersof magnitudewhentheinitial vibrationallevel
of the moleculeis raisedfrom v = 1 to v = 10. Theresultssuggesthat quasiboundesonancestates
of 3HeH, and “HeH, exist, associatedwvith each excited vibrational state of H,, and that both the
triatomic species’HeH, and*HeH, haveoneboundyvibrationalstate. [S0031-9007(98)05812-8]

PACS numbers:34.50.Ez,33.70—-w

In severalof the schemeghat havebeensuggestedor
the creationof ultracold molecules[1-5], translationally
cold moleculesin high lying vibrational levels are pro-
ducedasintermediaries. Thesehighly excitedmolecules
are themselvesof interest becausethey open the pos-
sibility of measurementsof exothermic reactions at
ultracold translationaltemperaturesnd the experimental
testing of threshold laws. In the conventional view
of vibrational quenching[6] the processis driven by
the derivative of the interaction potential with respect
to intermolecular distance, and the rate coefficient is
expectedto decreaserapidly as the temperaturede-
creasesto 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 increasesasthe
inverse of the velocity [8—12]. The zero temperature
rate coefficient must be finite, though it may be very
small.

We havesetup andsolvedthe close-couplingequations
describing the scatteringof He and H, on a reliable
potential energysurfacein which a sufficient numberof
rotationaland vibrational statesof H, hasbeenincluded
to secureconvergence.We find quenchingcrosssections
which passthroughminimum valuesat collision energies
betweenl02 and10~3 eV andtendto increasenversely
asthevelocity belowenergieof aboutl0™3 eV. Therate
coefficientsat ultralow temperaturescreaseby 3 orders
of magnitudeas the vibrational level is increasedfrom
v=1tov = 10.

In the total angular momentum representationof
Arthurs and Dalgarno[13], the crosssectionsfor tran-
sitions from an initial vibrational-rotationalevel labeled
by quantum numbersv;j to a final level labeled by
quantumnumbersv’j’ canbe expressedn termsof the
correspondings-matrix elementg413,14]
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whereJ is the total angularmomentumguantumnumber
and [ and [’ are, respectively, the initial and final
orbital angularmomentumquantumnumbers. The wave
vector for the incoming channelis defined as k,; =

\2u(E — €,;)/h whereE is the total energy,e,; is the
eigenenergyf theinitial rovibrationalstate,and w is the
three-bodyreducedmass. Thetotal exoergicde-excitation
crosssectionto all openrovibrationalchannelds the sum
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Theratecoefficientfor a giventransitionis obtainedby
averagingthe appropriatecrosssectionover a Boltzmann
distribution of velocities of the incoming atom at a
specifiedtemperaturd’:
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where E;, = ﬁzkﬁj/(z,u) is the kinetic energy of the
incomingatomandkg is the Boltzmannconstant.

The crosssectionsat zeroenergymay be characterized
by scattering lengths. If more than one channelis
open,the scatteringengthsare complexquantitiesa, ; =
a,; — iBy; [15]. The elasticcrosssectionfor level v j
is givenat zeroenergyby

(rf,lj = 477'(0112,]- + IBIZ,j),
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FIG. 1. Ratecoefficientfor the relaxationof the v = 1 state
of para-H in collision with “He. The solid line is the present
result obtainedfrom o53° and the symbolswith error barsare
the experimentatesultsof Audibertet al. [24].

andthetotal inelasticcrosssectionby

O',ljn/ :Z()'vj_.v/j/ :47T,3vj/kvj. (5)
v/jl
The correspondingerotemperatureate coefficientis
ryj = 47Tﬁﬂvj/,U«- (6)

The coupledequationsfor the radial motion obtained
by using the expansionfor the wave function in the
time-independengchidingerequationweresolvedusing

the nonreactivescatteringprogramMOLSCAT [16]. We
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FIG. 2. Exothermic vibrational relaxation cross section
o100, 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 calculationin which the long-rangepart of the potentialis
omitted.

in 3He collisionsasa function of kinetic energy.

obtainedthe diatomic vibrational wave functionsusedin
generatinghe coupledequationsasexpansionén Hermite
polynomialswith the diatomicH, potentialof [17].

Close-couplingcalculationsfor collisions of “He with
H, havebeencarried out using various potentialenergy
surfacesand scatteringformulations [18—22], and rate
coefficientshave beenreportedfor temperaturesabove
50 K. We haveadoptedthe morerecentpotentialenergy
surface (PES) of Muchnick and Russek[23]. Figurel
comparesour calculationswith the experimentaldata of
Audibert et al. [24] on the transition from the v =1
vibrational level of H, to the v = 0 level causedby
collisions with “He for temperaturesbetween300 and
50 K. The closeagreemensuggestshatthe PES[23] is
reliable. The measuredate coefficientsfall very quickly
with decreasingemperature.
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FIG. 4. Total quenchingcrosssectionsoy,, asa function of
kinetic energyof incoming *He atomsfor different vibrational
levels of H,. The curves correspondto cross sectionsfor
v = 1tov = 10 in ascendingrder.
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FIG.5. Total vibrational relaxation rate coefficientsfor the
deactivationof H,(v,0) in collisionswith *He asa function of
temperaturdor differentvibrationallevelsof the molecule.

In Fig. 2 we show the 1-0 crosssection extendedto
very low incident energies. The crosssectiondecreases
to a low minimum value at about2x 103 eV and then
increasesas the energydecreasesurther, and eventually
conformsto aninversevelocity dependence accordance
with Wigner'slaw. Thecrosssectionsobtainedwhenwe
suppresshelong-rangeattractiveforcesarealsoshownin
Fig. 2. It is clearthatthe valuesof the low energycross
sectionsare determinecby the long-rangevan der Waals
interaction,but evenin the absenceof the van der Waals
interactionthe crosssectionpasseshrougha minimum
andincreasesnverselyasthe velocity, thoughthe values
arereducedby severalordersof magnitude.

The crosssectionsfor quenchingof thev = 1,j = 0
rotational level into the individual rotational levels of
the v = 0 vibrational state are shownin Fig. 3 a en-
ergiesin the thresholdregion. Rotationallevels beyond
j = 8 arenot accessibleat low energies. The weakness
of the anisotropyof the interactionpotentialcausesmall
changesin j to be favored, but the final distribution is

modified by the enhancemenin scatteringinto high j
levels causedby the matchingof the momentaof the in-
comingandoutgoingwaveswhich is closestfor the least
exothermicchannelj = 8.

In Fig. 4, we show the total quenchingcrosssections
asfunctionsof the kinetic energyof incoming*He atoms
for theinitial j = 0 rotationalstateof H, andvibrational
statesv = 1 to v = 10. The cross sectionsall pass
through minima in the region 102 eV and increase
inverselywith velocity asthe energytendsto zero. At any
given energy,the crosssectionsincreasewith increasing
vibrational guantumnumber. The vibrational relaxation
takesplace predominantlyby single quantumtransitions
Av =1, in contrastto the case of H-H, for which
multiqguantumtransitionsare probable[25].

Theratecoefficientsfor He-H, arepresentedn Fig. 5.
They tend to constantvaluesat zero temperature. The
zerotemperaturealuesincreasdrom 3 X 10717 em?s™!
forv =11t03.6 X 10 “em’s ! for v = 10.

The real and imaginary partsof the scatteringlengths
for 3He and*He colliding with H,(v) arelistedin Tablel.
Equations(1)—(6) may be used to calculate the zero-
energyelastic and total inelastic crosssectionsand rate
coefficients. The real partsof the scatteringlengthsare
large,suggestinghatassociateavith eachvibrationallevel
of H, is aboundstateof He-H, lying energeticallybelow
thedissociatiorlimit of the He-H,(v) complex. The state
associatedvith v = 0 is a true boundstate. The states
associatedvith v > 0 arequasiboundesonancetatesof
He-H, andthey may undergovibrational predissociation
into He+H,(v). Their predissociationifetimes can be
obtainedfrom theimaginarypartsof the scatteringengths
usingthe expressiorj15]

Tvj = Mlavj|4/2ﬁavj,8vj . (7)
The valuesof 7, are listed in Tablel. The lifetimes
are much longer than the vibrational periods,indicating
that the quasiboundstatesare well defined. For the
lowest bound states,we estimate binding energiesof
0.0298cm™! for *HeH, and0.0016cm ™! for *HeH, but

TABLE I. Complexscatteringengthsandlifetimes of the boundor quasiboundHe- - - H, (v).
3He---H, ‘He.--H,

v avO(A) BUO(A) TUO(S) av()(A) BUO(A) TUO(S)
0 95.6 0.0 © 24.7 0.0 0

1 101.0 45 % 1077 2.2 %X 107! 25.3 1.2 X 1078 1.4 x 107!
2 98.8 1.8 X 10°¢ 52 %X 1072 255 52 x 1078 3.4 X 1072
3 88.9 42 X 1076 1.6 X 1072 25.1 1.4 x 1077 1.2 X 1072
4 74.7 8.7 X 1076 45x 1073 24.3 3.8 X 1077 4.0 x 1073
5 60.1 1.6 X 1073 1.3 X 1073 23.0 9.4 X 1077 14 X 1073
6 47.5 2.7 X 1073 3.8 X 1074 214 23 X 107¢ 45 x 107
7 374 49 X 107? 1.0 X 107 19.5 55X 10°¢ 1.4 x 1074
8 29.5 9.3 X 1073 2.6 X 1073 17.5 1.4 X 1073 4.0 % 1073
9 235 2.0 X 107* 6.2 X 1076 15.6 4.0 X 1073 1.0 X 1073
10 18.8 4.6 X 107* 14 X 107 13.7 1.2 x 107* 2.2 X 1076
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the values are sensitiveto the details of the potential
energysurface.
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