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Quenching of H, Vibrations in Ultracold *He and *He Collisions
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We present results of quantum mechanical scattering calculations including full rovibrational coupling
on the relaxation of vibrationally excited,Hnolecules in collision with ultracoldHe and*He atoms.
The exothermic vibrational deactivation cross sections exhibit minima at translational temperatures near
10 K and show an inverse velocity dependence in accordance with Wigner’s threshold law in the limit of
zero kinetic energy. The corresponding rate coefficients exhibit minima before attaining constant values
below 1073 K. The rate coefficients increase by 3 orders of magnitude when the initial vibrational level
of the molecule is raised from = 1 to v = 10. The results suggest that quasibound resonance states
of *HeH, and *HeH, exist, associated with each excited vibrational state ef &hd that both the
triatomic speciesHeH, and*HeH, have one bound vibrational state. [S0031-9007(98)05812-8]

PACS numbers: 34.50.Ez, 33.70.—w
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In several of the schemes that have been suggested for 7T Z(ZJ +
the creation of ultracold molecules [1-5], translationally ™"/~ (2 + 1)k}, 5
cold molecules in high lying vibrational levels are pro-

. LS . . T+l 1+
duced as intermediaries. These highly excited molecules o) 2
: X Z Z |5/'/"6ll’6vv’ Sjj’ll’vv’l ’
are themselves of interest because they open the pos- Myl T

sibility of measurements of exothermic reactions at (1)
ultracold translational temperatures and the experimental )
testing of threshold laws. In the conventional viewWhere/ is the total angular momentum quantum number

of vibrational quenching [6] the process is driven by@nd / and [’ are, respectively, the initial and final

the derivative of the interaction potential with respectOrPital angular momentum quantum numbers. The wave

to intermolecular distance, and the rate coefficient i/€Ctor_for the incoming channel is defined as; =

expected to decrease rapidly as the temperature d%,ZZ,u(E — €,j)/h whereE is the total energye,; is the

creases to zero. However, at some point the behaviaigenenergy of the initial rovibrational state, ands the

of the rate coefficient must be modified by the influencethree-body reduced mass. The total exoergic de-excitation

of the long-range part of the interaction potential [7]cross section to all open rovibrational channels is the sum

and further modified by the requirement that the cross exo

section satisfies the threshold law that it increases as the o = D v (@)

inverse of the velocity [8—-12]. The zero temperature jisv

rate coefficient must be finite, though it may be very The rate coefficient for a given transition is obtained by

small. averaging the appropriate cross section over a Boltzmann
We have set up and solved the close-coupling equatiord@stribution of velocities of the incoming atom at a

describing the scattering of He and, tbn a reliable Specified temperaturg:

potential energy surface in which a sufficient number of 1

rotational and vibrational states of,Hhas been included 7v.j—v,j/(T) = (8kpT /7 )"/ (g T2

to secure convergence. We find quenching cross sections B

which pass through minimum values at collision energies X fxav o (Ex) exp(—Ey /kgT)Ey dEy
betweenl0~2 and10~3 eV and tend to increase inversely AT ’
as the velocity below energies of abdt* eV. The rate 3

coefficients at ultralow temperatures increase by 3 orders

of magnitude as the vibrational level is increased fromWhere. Ex=1h k"-//(zf“) is the kinetic energy of the
incoming atom andgp is the Boltzmann constant.

v=1tv=10. ¢ The cross sections at zero energy may be characterized

In the total angular momentum representation 9%y scattering lengths. If more than one channel is
Arthurs and Dalgarno [13], the cross sections for tran- y 9 gins.

sitions from an initial vibrational-rotational level labeled open, the scattering lengths are complex quanttigs=

by quantum numbers/j to a final level labeled by ¥/ .~ iBvj [15]. The et!astic cross section for levey
quantum numbers’;j’ can be expressed in terms of the IS given at zero energy by
corresponding-matrix elements [13,14] ol =4m(ay; + Br)), (4)
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TK)™ FIG. 3. Rovibrational transition cross sectiongy o ; in H,

in 3He collisions as a function of kinetic energy.
FIG. 1. Rate coefficient for the relaxation of the= 1 state

of para-H in collision with “He. The solid line is the present
result obtained fromr§;° and the symbols with error bars are

¢ € obtained the diatomic vibrational wave functions used in
the experimental results of Audibeat al. [24].

generating the coupled equations as expansions in Hermite
polynomials with the diatomic Hpotential of [17].
Close-coupling calculations for collisions 6He with
H, have been carried out using various potential energy
g;'j"]. = ngj_,v,j, = 47 Byj/ky; - (5) surfaces and scattering formulations [18-22], and rate
' vlj! coefficients have been reported for temperatures above
The corresponding zero temperature rate coefficientis °0 K. We have adopted the more recent potential energy
surface (PES) of Muchnick and Russek [23]. Figure 1
roj = A4mhBy;/ . (6) compares our calculations with the experimental data of

Audibert et al.[24] on the transition from they = 1
The coupled equations for the radial motion obtainedvibrational level of H to the v = 0 level caused by

by using the expansion for the wave function in thecollisions with “He for temperatures between 300 and

time-independent Schrddinger equation were solved using0 K. The close agreement suggests that the PES [23] is

the nonreactive scattering progranoLSCAT [16]. We  reliable. The measured rate coefficients fall very quickly
with decreasing temperature.

and the total inelastic cross section by
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FIG. 2. Exothermic vibrational relaxation cross section
o1,0-00 for *He—H, collisions as a function of kinetic energy.
Filled circles are the results obtained using the full interactionFIG. 4. Total quenching cross section§;, as a function of
potential and the open circles are the results obtained frorkinetic energy of incomingHe atoms for different vibrational

a calculation in which the long-range part of the potential islevels of H. The curves correspond to cross sections for
omitted. v = 1tov = 10 in ascending order.
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107 : : , . modified by the enhancement in scattering into hjgh
levels caused by the matching of the momenta of the in-

P o coming and outgoing waves which is closest for the least
<7 0 [ ] exothermic channel = 8.
% i;% In Fig. 4, we show the total quenching cross sections
= & as functions of the kinetic energy of incomifge atoms
F s =3 for the initial j = 0 rotational state of KHland vibrational
R 'Vf ] statesv = 1 to v = 10. The cross sections all pass
g - through minima in the regionl02 eV and increase
g inversely with velocity as the energy tends to zero. At any
510_18 given energy, the cross sections increase with increasing
g vibrational quantum number. The vibrational relaxation
=4 takes place predominantly by single quantum transitions

10 L - - - - ., Av =1, in contrast to the case of H,Hfor which

10 10 10 10 10 10

multiquantum transitions are probable [25].

The rate coefficients fotHe-H, are presented in Fig. 5.
FIG. 5. Total vibrational relaxation rate coefficients for the They tend to constant values at zero temperature. The
deactivation of H(v,0) in collisions with3He as a function of zero temperature values increase frdm 10717 cmP 7!
temperature for different vibrational levels of the molecule. forv =11t03.6 X 10°% cmPs! for v = 10.

The real and imaginary parts of the scattering lengths
for 3He and*He colliding with H(v) are listed in Table |I.

In Fig. 2 we show the 1-0 cross section extended rguations (1)—(6) may be used to calculate the zero-

verv low incident eneraies. The cross section decreas energy elastic and total inelastic cross sections and rate
y O gles. 23 Toefficients. The real parts of the scattering lengths are
to a low minimum value at about>X210™~ eV and then

increases as the energy decreases further, and eventu large, suggesting that associated with each vibrational level

. . . H, is a bound state of He-Hying energetically below
conforms to an inverse velocity dependence in accordanc[ﬁ 2 Hying g y

; : , ; i e dissociation limit of the He-Hv) complex. The state
with Wigner's law. The cross sections obtained when we, i o with) = 0 is a true bound state. The states

suppress the long-range attractive forces are also shown Ul sociated withy > 0 are quasibound resonance states of

Fig. _2. It is clear thz_:\t the values of the low energy cros e-H, and they may undergo vibrational predissociation
sections are determined by the long-range van der Waa Rto He+H(v). Their predissociation lifetimes can be

Interaction, but even in th? absence of the van der_ Waaabtained from the imaginary parts of the scattering lengths
interaction the cross section passes through a m'n'murﬂsing the expression [15]
S

and increases inversely as the velocity, though the value
are reduced by several orders of magnitude.

The cross sections for quenching of the= 1,j = 0 Toj = wlay;l*/2ha,;By; . (7)
rotational level into the individual rotational levels of
the v = 0 vibrational state are shown in Fig. 3 at en- The values ofr,o are listed in Table |. The lifetimes
ergies in the threshold region. Rotational levels beyondire much longer than the vibrational periods, indicating
Jj = 8 are not accessible at low energies. The weaknedhat the quasibound states are well defined. For the
of the anisotropy of the interaction potential causes smalowest bound states, we estimate binding energies of
changes inj to be favored, but the final distribution is 0.0298 cm'! for “HeH, and 0.0016 cm! for HeH, but

Temperature (K)

TABLE I. Complex scattering lengths and lifetimes of the bound or quasibound-Hg(v).

3He-~-H2 4He-~-H2

v a,0(A) BuoA) Tyo(s) ay0(R) Buo(A) Tuo(s)

0 95.6 0.0 0 24.7 0.0 o

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 107 52 %X 1072 255 52 X 1078 3.4 %X 1072
3 88.9 42 X 107° 1.6 X 1072 25.1 1.4 x 1077 1.2 X 1072
4 74.7 8.7 X 107 45 X 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 1.4 x 1073
6 47.5 2.7 X 1073 3.8 X 1074 21.4 23 X 107° 45 % 107
7 374 49 X 107 1.0 X 107* 19.5 55 % 107 1.4 x 1074
8 29.5 9.3 X 1073 2.6 X 1073 17.5 1.4 X 1073 4.0 %X 107
9 23.5 2.0 % 1074 6.2 X 107° 15.6 4.0 X 107 1.0 X 107
10 18.8 4.6 X 1074 1.4 X 1076 13.7 1.2 X 1074 22 % 1076
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