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Full dimension Rb,He ground triplet potential energy surface and quantum

scattering calculations

Grégoire Guillon,? Alexandra Viel,? and Jean-Michel Launay®
Institut de Physique de Rennes, UMR 6251, CNRS & Université de Rennes 1, F-35042 Rennes, France

(Received 20 February 2012; accepted 16 April 2012; published online 3 May 2012)

We have developed a three-dimensional potential energy surface for the lowest triplet state of the
Rb,He complex. A global analytic fit is provided as in the supplementary material [see supplementary
material at http://dx.doi.org/10.1063/1.4709433 for the corresponding Fortran code]. This surface is
used to perform quantum scattering calculations of “He and *He colliding with 8Rb, in the partial
wave J = 0 at low and ultralow energies. For the heavier helium isotope, the computed vibrational
relaxation probabilities show a broad and strong shape resonance for a collisional energy of 0.15 K
and a narrow Feshbach resonance at about 17 K for all initial Rb, vibrational states studied. The
broad resonance corresponds to an efficient relaxation mechanism that does not occur when *He is
the colliding partner. The Feshbach resonance observed at higher collisional energy is robust with
respect to the isotopic substitution. However, its effect on the vibrational relaxation mechanism is
faint for both isotopes. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4709433]

. INTRODUCTION

An always increasing interest in producing dense sam-
ples of cold molecules has been registered during the last
years. The highly remarked success in cooling atomic gases to
quantum degeneracy as well as the resulting new physics have
prompted many efforts worldwide to cool molecular gases to
similarly cold temperatures. Indeed, quantum gases of tightly
bound molecules can be used to investigate ultracold reac-
tions or collisions between molecules, to produce molecular
Bose-Einstein condensates and to develop molecular quantum
optics by trapping them in optical lattices.

Rubidium appears to be one of the most popular atoms
in the cold physics community especially since its use for the
first demonstration of Bose-Einstein condensation in a dilute
medium.! Unfortunately, standard laser cooling techniques as
developed for atoms are not efficient for molecules due to
their complex internal structure. Other ways to produce cold
and dense molecular samples are thus required. Direct meth-
ods such as Stark or Zeeman deceleration? and sympathetic
cooling? have already been proposed. Indirect techniques that
involve pre-cooled atoms, such as photoassociation4 or as-
sociation via magnetically tuned Feshbach resonances® have
also been considered.

The first observation of translationally cold rubidium
molecules was reported in 2000 by the Pisa and Florence
groups for both 85Rb and ¥’Rb isotopes at a temperature of
about 90 1K.® These dimers were produced in the radiatively
stable > F triplet ground state by a photoassociation tech-
nique using a magneto-optical trap. In the same experiment,
85Rb, cold molecules were also directly produced during the
trap operation alone by three-body recombination.””
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In 2003,'%"" quantum degenerate or nearly degenerate
ultracold molecular gases have been produced by association
via Feshbach resonances.” In this case, the molecules were
produced in very weakly bound states corresponding to large
vibrational quantum numbers. Since then, the production of
dense samples of deeply bound molecules has been performed
by various optical schemes. In particular, a dense ensemble of
87Rb, molecules has been produced more recently in a sin-
gle quantum level of the rovibrational ground state of the Rb,
triplet potential a®>%;".12

Rubidium dimers in their ground triplet state *X; have
been formed on the surface of helium droplets more than
10 years ago.'’ High spin alkali dimers are selectively
produced'®'* because the binding energy that is released
when two rubidium atoms collide on the droplet is smaller
for the high spin state than for the low spin state, for which
a significant evaporation of the droplet occurs. Rubidium
dimers are now extensively studied both in Graz!>~'® and in
Freiburg.'”?! The vibrational dynamics of Rb, attached on
the surface of He,, droplets has been recently studied by a fem-
tosecond pump-probe technique.?”2! A model using a dissi-
pative quantum approach has been proposed in Ref. 21 that
allows the interpretation of the femtosecond experiments as a
vibrational relaxation induced dephasing mechanism.

A two-dimensional potential energy surface for a rigid
Rb, molecule (® %,5) interacting with a helium atom has been
recently proposed in Ref. 22. It was used to study the struc-
ture and the energetics as well as the rotational dynamics
of Rb, treated as a rigid dimer attached to small “He clus-
ters and films. However, the fixed Rb, distance of the surface
prohibits its usage for the study of vibrational dynamics. We
thus report in Sec. II a full dimensional potential energy sur-
face for the ground triplet state of the Rb,He complex. This
global three-dimensional surface is then used in Sec. III for
quantum scattering calculations of the vibrational relaxation
mechanism. While all the various isotope combinations are of

© 2012 American Institute of Physics
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interest, only “He and 3He colliding with a ’Rb, dimer have
been considered here. We have considered an energy domain
which ranges from ultralow to low temperatures and which
covers, in particular, the temperatures relevant to *He and “He
nanodroplets (respectively, 150 mK and 380 mK). The hyper-
fine structure has not been taken into account and only the J
= 0 partial wave has been considered.

Il. FULL-DIMENSIONAL INTERACTION POTENTIAL
A. Electronic structure calculations

We have performed ab initio calculations of the first
triplet state 13A’ of the Rb,He molecule as explained in a pre-
vious work.??> We have used the MOLPRO 2010.1 package?’
to perform restricted Hartree—Fock calculations followed by
a determination of the energies at the single-reference re-
stricted open-shell coupled cluster method with single, dou-
ble, and non-iterative triple excitations. The nine valence elec-
trons (4s24p®5s) of each rubidium atom and the two electrons
of the helium atom are treated dynamically. We used the basis
set referred as B in Ref. 24 for the description of the valence
electrons of the rubidium atoms and the uncontracted d-aug-
cc-pV5Z basis set for the description of the helium atom. The
inner electrons of the rubidium atoms were described using
the ECP28MDF relativistic core potential.>

The resulting well depth for Rb; is D, = 323.6 K (includ-
ing the counterpoise correction) for a distance of 6.118 A2
At this ab initio level, the HeRb diatomic potential presents
an equilibrium distance of 7.42 A and a well depth of 1.34 K.
The well depth obtained is in good agreement with the 1.4 K
value obtained by recent ab initio computations®’ but substan-
tially smaller than the 2.1 K value proposed by Pascale.?® The
most stable geometry of the triatomic Rb,He system is a T-
shape one with the He atom lying at a distance of 6.3 A from
the Rb% center of mass and the Rb, internuclear distance equal
to 6.1 A.

B. Analytical fit of the potential energy surface

The full potential representation is based on the following

many-body decomposition:>

V(R y,r) = V" + VE8.(R) + Vitue(R2)
+ Vo) + VBR, y, 1), 1)

where R, R,, and r correspond, respectively, to the two RbHe
and to the Rb, distances, while R, y, r are the Jacobi coordi-
nates. R is the distance between the helium atom and the Rb,
center of mass. In our notation, y = 0 corresponds to linear
geometry, while y = 7/2 corresponds to the T-shape configu-
ration. The two-body (2B) and the three-body (3B) terms are
fitted using the reproducing kernel Hilbert space (RKHS) in-
terpolation method of Ho and Rabitz.*

For the Rb, and RbHe diatomic potentials, we used an
expansion in reproducing kernels q]3’2(x, x") as defined in
Ref. 30, x being the square of the interatomic distances Ry, R»,
orr,

0.3 X 2x2
3,2 / < <
g7 (x,x") = — 1—-—=+-= )
) xi( X 7x2>’ 2)
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TABLE I. Long-range coefficients taken from Ref. 32 for RbHe and from
Refs. 33 and 34 for Rb,.

Rby RbHe
Co [Ep af] 4.707 x 10° 4.469 x 10!
Cs [Ej af] 5730 x 10° 3.145 x 10°
Cio [Enal’] 7.665 x 107 3.038 x 10°

where x. = max(x, x’) and x_. = min(x, x"). The choice of
this reproducing kernel ensures a —Cg/R® — Cg/R® — Cyo/R"®
long-range behavior.’! We used 27 ab initio points ranging
from 1 A to 50 A for RbHe and 26 ab initio points rang-
ing from 2 A to 50 A for Rb,. For distances larger than
50 A the resulting diatomic potentials agree with the Cs, Cs,
and C)o expansion obtained from published coefficients given
in Table I to better than 0.5% for RbHe and 3% for Rb,. For
RbHe, a 2004 work>® updated the Cg value to a slightly lower
434 E,;, ag value.

For the three-body term, we used 1584 ab initio points
sampling a three-dimensional (R, y, r) grid with six angles y
= 0°, 15°, 30°, 45°, 67.5°, and 90°, 22 R distances ranging
from 5.0 to 30.0 A, and 12 r distances ranging from 4.0 to
9.0 A. The grid mesh was denser in the region of the poten-
tial well, that is, in the neighborhood of the values r = 6.1 A
and R = 6.30 A. We employed an expansion over prod-
ucts of three low order one-dimensional reproducing kernels
Gy (x1, X})ds (x2, x3)q5 (x3, x}) with

x; = exp(—aiR), (3a)
Xy = exp(—ayr), (3b)
X3 = siny, (30)
and
gy (x, x") = min(x, x'), (4a)
gi(x,x") = 1 + min(x, x'), (4b)

as defined in Refs. 30 and 36. In Egs. (3), the x; and x, vari-
ables have been chosen as decreasing exponentials in R and
r as suggested in Ref. 37 to account for the rapid decrease of
Vap at large R and r. A value of 0.4 for both a; and a, has
been found to be suitable. This expansion allows a faithful
representation of the three-body term in the regions of con-
figuration space which are relevant to the scattering calcula-
tions presented below. Given the small polarizability of He,
the Axilrod-Teller-Muto long-range term?® is not considered
explicitly in the potential. The FORTRAN subroutine to evalu-
ate the full potential, Eq. (1), is provided: see supplementary
material in Ref. 39 for the FORTRAN source code of the po-
tential surface.

We have paid attention to employ consistent ab initio
energies especially in the asymptotic part, while comput-
ing the RKHS expansion coefficients. In particular, care has
been taken when correcting from the basis set superposi-
tion errors (BSSE), for which the original counterpoise (CP)
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FIG. 1. Cuts of the potential energy surface at r = 6.117 A for y = 0°
(black), 30° (green), 60° (blue), and y = 90° (red) in Kelvin as a function
of R. The full potential surface is presented in full lines while the restric-
tion to the two-body expansion is shown in dashed lines. The zero of energy
corresponds to the separated atoms limit.

correction of Boys and Bernardi*’ has been used. In the case
of complexes with more than two atoms, different valid ways
of implementing the CP correction are possible. They dif-
fer in the path that is followed to form the complex from
the constituting atoms. Although the overall binding energy
should be independent of the chosen path, corrected interac-
tion energies may be different.*'>*? In this work, we imple-
mented the CP procedure in the most symmetrical and less
ambiguous way, namely, it is applied to the interaction en-
ergy associated with the complex formation Rb, 4+ Rb;, + He
— RbyHe, with the use of the trimer basis for all sepa-
rated He, Rb,, and Rb;, atomic fragments. Aware of some ar-
guments that the counterpoise procedure could over-correct
for BSSE, we maintained its usage for the computation of
corrected energies. This choice is motivated by the detailed
analysis of Gutowski,** Cybulski,** and van Duijneveldt,*>4®
showing that this procedure is rigorously correct, and by the
fact that for very weakly bound van der Waals complexes, the
comparison of theoretical and experimental values shows the
superiority of the counterpoise corrected energies.*’

C. Potential energy surface

The resulting global surface has a T-shape minimum
which occurs at a distance He—Rb of 6.986 A and a distance
Rb-Rb of 6.114 A, in good agreement with the geometry of
the minimum at the ab initio level. The corresponding poten-
tial value, —327.103 K, is 3.826 K below the He + Rb, dis-
sociation limit. Figure 1 presents one-dimensional cuts of the
potential surface and underlines the contribution of the three-
body term.

The effect of the three-body term is most noticeable
at distances around the potential well and below where
it brings a small attractive contribution for perpendicular
configurations and a tiny repulsive contribution for linear
configurations.

J. Chem. Phys. 136, 174307 (2012)
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FIG. 2. Contour plots of potential energy surfaces averaged over the v =0
(left panels) and the v = 4 (right panels) vibrational states of Rb,. The helium
atom is localized by its Cartesian coordinates assuming that Rb; lies along
the x axis. The contour lines are with respect to the He + Rb, dissociation
limit. The contour line spacing is 0.5 K for the upper panel and 0.3 K for the
lower panel which focuses on the potential well region.

Two-dimensional cuts of the potential surface averaged
over the v = 0 and v = 4 vibrational wavefunctions of Rb,
are presented in Fig. 2. These plots are only slightly affected
by the average over the Rb, vibrational motion whose ampli-
tude is 0.50 A for v = 0 and 1.53 A for v = 4. Contour lines
for v = 4 are less dense, which shows that the effective po-
tential well felt by the helium atom is shallower when the Rb,
vibration amplitude increases.

lll. QUANTUM SCATTERING CALCULATIONS

Quantum calculations of the elastic and inelastic He
+ Rby(v;, ji)— He + Rby(vy, jf) collision for total angu-
lar momentum J = O have been performed with a time-
independent close coupling approach. We have used a mod-
ified version of the MOLCOL computer code*® in which
the treatment of vibrational excitation has been improved.
The coupled equations have been solved using the Johnson-
Manolopoulos* log-derivative propagator. We have consid-
ered the heavier isotope of the rubidium dimer 3"Rb, and
both “He and *He isotopes. The resulting Rb, rotational con-
stant is 0.0148 K and the v = 0 — v = 1 excitation energy is
18.223 K. Eighteen even j rotational levels of the vibrational
v = 0 ground state lie below the (v = 1, j = 0) level. Rovi-
brational states of Rb, with vibrational quantum number up
to 5 and even rotational states with j up to 48 have been used
in the close-coupling expansion. A propagation range from
4 to 60 A ensures probabilities which are converged with
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FIG. 3. Vibrational relaxation probability for “He as a function of the
collision energy in Kelvin for initial rovibrational states (v;, j = 0) with
v; = 1,2, 3, and 4.

graphical accuracy. Runs at ultralow collision energies have
been performed with an extended range up to 500 A to evalu-
ate scattering lengths.

Figure 3 shows vibrational relaxation probabilities
Dl T,'f|2 for several initial excited rovibrational states
(vi, ji=0) and final rovibrational states (vf, jr) with
vy < v;. These probabilities increase almost proportionally
to the v; quantum number and have contributions arising pre-
dominantly from Av = —1 transitions. This predominance of
the Av = —1 transitions was already noticed in a study on He
+ H, scattering.”® At low collisional energy, the probabilities
follow the Wigner law for £ = 0 scattering and are propor-
tional to the square root of the collision energy. All curves
in Fig. 3 present a strong and broad resonant feature around
0.145 K and a faint and very narrow one around 17 K.

Figure 4 focuses on these two energy ranges. First a very
large increase of the relaxation probability occurs at 0.145 K
for all v;. This resonance constitutes an efficient relaxation
mechanism. The position and the width of this low energy
shape resonance depends only very slightly on v;. It shifts
slightly towards lower collisional energies when v; increases
in agreement with the already mentioned observation that the
effective potential is slightly less attractive as the Rb, vi-
brational excitation increases. Second, we see a very narrow
resonant feature around 17 K. It lies systematically 0.2 K
below the openings of the (v; 4+ 1, j = 0) channels. This fea-
ture disappears when the v; + 1 manifold is not included in
the close-coupling calculations and can thus be classified as a
Feshbach resonance. In a previous study,?? it was found that
“He is bound to a rigid ¥*Rb, molecule by 0.193 K, a value
which is in reasonable agreement with the position of this res-
onance. Figure 4 shows also that the relaxation probability de-
creases slightly after the opening of the v; + 1 manifold. This
decrease is due to a broad resonance in the v; — v; + 1 ex-
citation probability. Due to the anharmonicity of the Rb, po-
tential, all these features shift systematically towards smaller
collision energy as v; increases.

Figure 5 shows the changes of the vibrational relaxation
probability with respect to the “He — *He isotopic substitu-

J. Chem. Phys. 136, 174307 (2012)
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FIG. 4. Vibrational relaxation probability for “He as a function of collision
energy in Kelvin for initial rovibrational states (v;, j; = 0) withv; =1, 2, 3,
and 4. This figure presents two blow-ups of the data presented in Fig. 3 in
the energy ranges of the two resonance features. The openings of the (v; + 1,
J = 0) channels are materialized by the vertical black lines in the right panel.

tion. We can see on the left panel that the relaxation probabil-
ity obtained with 3He at 0.15 K is decreased by a factor of 20
and is no longer a maximum but a minimum. We see on the
right panel that the second resonance is still present but its po-
sition and detailed shape are modified. The dispersion profile
obtained with 3He is inverted with respect to the one obtained
with “He. The resonance occurs at a larger collision energy
but stays below the opening the of v; 4+ 1 manifold. This shift
towards higher energies is consistent with a larger zero point
energy of the quasi-bound state with the lighter isotope. The
zero point energy of the quasi-bound state should be under-
stood here as the zero point energy of bound states of Rb,He
when Rb, is restricted to be in the v = 2 vibrational state.
Figure 5 shows also the effect of the three-body term
of the interaction potential by comparing the vibrational
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2 ] He ------ ]
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FIG. 5. Vibrational relaxation probability for v; = 1 as a function of colli-

sion energy in K. The black full line corresponds to *He colliding with Rb,
using the full potential. The red dashed line presents the effect of the iso-
topic substitution of *He by *He on the full potential. The blue pointed line
is obtained when “He collides with Rb, on the two-body potential surface.
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relaxation probability obtained with the full potential and with
the two-body potential only. The resonances are still present
when the three-body term is removed but their positions are
shifted to higher collision energy by about 0.01 K for the low
energy one, and 0.03 K for the other one. The three-body term
deepens the minimum of the potential seen in Fig. 1 by about
1 K, while for linear configuration it renders the potential
more repulsive. The shift of the resonance positions towards
lower energies when the three-body term is added shows that
on average the interaction potential is slightly more attrac-
tive. This is coherent with Ref. 22 where it was shown that
the bound state of the Rb,—He complex presents a very delo-
calized wavefunction which samples all angular geometries.
Finally, the profile of the 0.145 K resonance is not changed,
while the one of the 17 K resonance is slightly affected by the
three-body term.

Figure 6 presents the elastic and inelastic rate coefficients
restricted to the partial wave J = 0 for Rb, (v;, j; = 0) + “He

scattering.
These are defined by
wh )
Kg = —IT;l", (5a)
l’l’lk,‘
wh
K= —(1— S, (5b)
mk,-

where i stands for (v;, j;), k; is the wavevector, and m is the He
+ Rb, reduced mass. In the inelastic rate Kj, transitions corre-
sponding to both vibrational relaxation and rovibrational exci-
tation are included. The elastic rate coefficients for 1 < v; < 4
are graphically identical to the v; = 0 curve and are thus not
presented. We see that for energies smaller than 1072 K, Kg
and K; follow Wigner threshold laws: K; is constant and Kg
increases as +/E.y;. Contrarily to the case of the alkali-alkali
dimer collisions Na + Na,,”! Li + Li»,’? and K + K, the
inelastic rate is smaller than the elastic one except at ultralow
energies (10~ K). Figure 6 also shows a very sharp increase
of K; which is accompanied by a drop in Kg above 0.02 K.
These two features are due to the opening of the rotational
state jr = 2 which absorbs a large part of the incoming flux.

10710 L v=0 elastic ]
v=1 inelastic
a v=2 inelastic -
‘o v=3 inelastic
“ - v=4 inelasti
e 107" elastic ]
O, Y
E .
K
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= -12 1
£ 10
Q
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2
©
= 10-13 e e )

10 10®  10*  10? 10°
collision energy [K]

FIG. 6. Elastic and inelastic J = 0 rate coefficients for *He 4+ Rb, collisions
with the initial rovibrational state v; =0, ..., 4,j =0 of Rb; as a function
of the collisional energy in Kelvin.
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TABLE II. Scattering length as defined in Eq. (6) for *He and *He colliding
with Rb; in various vibrational states (v;, j; = 0). Values obtained when the
three-body term of the potential is removed are also presented (2B).

Isotope v; a(A)
4He 0 11.33
“He 1 11.44
4He 2 11.53
“He 3 11.63
“He 4 11.73
3He 0 18.40
3He 1 18.51
“He (2B) 0 13.33
4He (2B) 1 13.35

For energies larger than 0.1 K, K; decreases almost linearly
with 1/E.,; and Kg presents Ramsauer-Townsend oscillations.
K and K; have comparable average values. This can be sim-
ply explained by a small value of the S-matrix element |S;|
~ 0.3 resulting in both Y s ,[Syl*> =~ 0.9 and |T;|* ranging
from (1 — 0.3)> = 0.5 to (1 4+ 0.3)> = 1.7. K; is found to
be almost independent of the initial vibrational state because
the potential energy surface depends very slightly on the Rb,
distance.

Table II shows the real part of the scattering lengths for
different initial rovibrational states.

These are defined by

R 7
a; = lim N { } . 6)

ki—0 2ik;

We find that a; increases with v; thus in agreement with a
less attractive averaged interaction potential as the vibrational
excitation increases. The variations of ¢; when *He is con-
sidered as well as when the three-body term of the interaction
potential is removed indicate also a less attractive potential on
average. This is consistent with the variation of the position
of the second resonance towards a larger collision energy in
these two cases (see Fig. 5). An analysis of the variation of
a for the (v; = 0, j; = 0) ground rovibrational level when the
reduced mass varies from the one for *He to the one for *He
shows no divergence. This indicates that the Rb,*He complex
has only one bound state as Rb,*He for J = 0.> At low col-
lision energy both K; and Ky are larger with 3He than with
4He. With 3He, K; is above Kg below 3.04 nanoK, while this
occurs below 2.02 nanoK for “He.

Figure 7 presents the rotational distributions of the
wi=1,j;=0)— (vy =0, js) transition for three colli-
sional energies, 107° K, 0.15 K, and 2 K. We see that they
depend rather strongly both on the colliding partner and on
the energy. In the “He case, there is a strong j#/2 even or odd
alternation at E,,;; = 10~° K. This behavior does not occur
for the lighter isotope. At the resonance energy (panel (b)),
both jr = 2 and j; = 4 contribute in the *He case while we see
a depletion for the jr = 2 level with 3He. The rotational dis-
tributions do not show any general behavior as underlined by
the large differences obtained when performing the isotopic
substitution. These distributions contrast with the one of He
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FIG. 7. Rotational distribution of the (v; = 1, j; = 0) — (vy =0, j) tran-
sition for three collision energies, (a) 1070 K, (b) 0.15 K, and (c) 2 K for both
4He (black circles) and 3He (red triangle).

+ CaH at low energy scattering for which bimodal distribu-
tions have been found.>*

IV. CONCLUSION

In this work, we have presented a preliminary study of
the vibrational deactivation of 8’Rb; in its ground triplet state
induced by collisions with both helium isotopes “He and He
in the cold and ultracold regimes. We have built a new and ac-
curate three-dimensional potential energy surface to describe
the triatomic system, interpolated from an extensive set of
ab initio energies. The rubidium core electrons have been
modeled by a recent effective potential which has proven to
reproduce faithfully spectroscopic data at the atomic level.

Quantum calculations restricted to the total angular mo-
mentum J = 0 have been performed on this potential energy
surface for vibrationally excited 8’Rb, colliding with one he-
lium atom. In this system, the Wigner regime is reached for
collision energies below 0.01 K. Above 0.1 K, inelastic prob-
abilities have been found independent of the initial vibrational
state of 3’Rb, consistently with a weak vibrational coupling
in the RbyHe complex. Test calculations which include only
two-body interactions show that the location and shape of the
resonance features are slightly affected by the three-body term
of the potential surface. Finally, we have shown the existence
of only one bound state of the Rb,He complex for both He
isotopes for J = 0.

A limitation of our present work is the absence of hyper-
fine, spin-spin, and spin-rotation terms in the Rb, molecule.
However, the detailed spectroscopic analysis of 3’Rb, in the
lowest triplet state™ has shown their importance. Work ded-
icated to assess the role of these terms in the collisional ob-
servables is currently in progress in our group together with
J # 0 computations. On another line of research, the present
three-dimensional surface will enable to describe the vibra-
tional relaxation mechanism of a*%; Rb, dimers adsorbed
on helium droplets and films along an approach similar to the
one which is proposed in Ref. 56.
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