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Abstract. Photoassociation rates of mixed cold alkali atom pairs and formation rates of cold heteronuclear
alkali dimers in their ground state are computed within an approach where the wave functions are calculated
exactly, and the laser field is treated as a perturbation. These rates are predicted to have the same
magnitude for all heteronuclear species involving either Rb or Cs atoms. Moreover, these rates are found
slightly smaller than, or similar to, the same rates for Cs2 molecules, which is encouraging for future
experiments. We studied the specific case of the photoassociation into excited molecular states coupled
with spin-orbit interaction, emphasizing the role of the so-called resonant coupling in the formation of stable
ultracold molecules with low vibrational levels. The comparison with recent experimental results on RbCs
photoassociation and cold molecule formation show their reasonable agreement with our calculations.

PACS. 32.80.Pj Optical cooling of atoms; trapping – 33.20.Tp Vibrational analysis – 33.70.Ca Oscillator
and band strengths, lifetimes, transition moments, and Franck-Condon factors

1 Introduction

Controlling the external and internal degrees of freedom
of atomic and molecular systems is an ongoing quest of
physicists for many years. Laser-cooling of ions [1] and
atoms [2] represent spectacular achievements, as the ex-
ternal motion of the systems can be lowered down to tem-
peratures well below 1 mK. Observation of Bose-Einstein
condensation in atoms [3], and of quantum degeneracy of
fermions [4], have provided the coldest gaseous samples
ever observed.

However, these advances in laser cooling are not easily
extended to molecules [5], due to their more complex level
structure, which prevents to find a closed level scheme
for population cycling. A solution has been provided via
the photoassociation (PA) of ultracold atoms [6]: a pair
of atoms first resonantly absorbs a photon to create an
electronically excited molecule, which may then stabilizes
into a long-lived electronic state by spontaneous emis-
sion [7]. The PA process is favoured due to the long-range
dipole-dipole interaction between identical atoms, one be-
ing in the ground 2S state, the other in the first excited
state 2P, varying as R−3 with the interatomic distance R:
the absorption probability is enhanced at large distances,
where the radial wave function of the colliding ultracold
atoms has a large amplitude. Most achievements concern
homonuclear alkali dimers observed in cold atom traps, i.e.
Cs2 [7,8], Rb2 [9], K2 [10], Na2 [11]. A major advance just
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occurred with quantum degenerate gases, where molecules
in the last bound state of the ground state potentials have
been detected [12–14].

It is then highly desirable to look for news ways to
forms ultracold (T < 1 mK) molecules of various species.
The formation of ultracold dipolar molecules is particu-
larly appealing, due to their prospected applications to
quantum computation [15], or to fundamental tests like
the measurement of the electron dipole moment [16,17].
The dipole-dipole long-range force is also expected to
dominate the dynamics of quantum degenerate dipolar
gases [18,19], with a possible control of the different quan-
tum phases [20,21].

Promising non-optical techniques have already lead to
the creation of cold molecular samples in the milliKelvin
range, composed of CO and ND3 with a Stark decel-
erator [22,23], and of CaH with the buffer gas cooling
approach [24]. Other approaches include phase space fil-
tering [25], supersonic expansion of a gas out of a rotat-
ing nozzle [26], or formation of dimers on helium nan-
odroplets [27].

An obvious possibility using one-color photoassocia-
tion (1CPA) of laser-cooled atoms, while hardly observ-
able until recently, concerns dimers formed with different
alkali atoms. In contrast with the homonuclear case, a
short-range van der Waals term in R−6 dominates the in-
teraction between two different alkali atoms being both in
their ground state or in a different state: in order to be
efficient, the PA reaction requires the atoms to approach
each other at sufficiently close distances, in a region where
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the initial wave function has generally a small amplitude.
This experimental challenge has been successfully solved
for the first time [28] with RbCs molecules. Other groups
are also aiming at getting similar results with other sys-
tems like LiCs, NaLi, ... We can also quote the obser-
vation of 1CPA of the quasi-heteronuclear alkali system
6Li7Li [29]. Two groups have recently reported the de-
tection of NaCs+ [30,31] and KRb+ [32] in two-species
magneto-optical traps, as an evidence of the formation
of the corresponding neutral cold molecules. Finally, the
production of stable ultracold RbCs molecules created af-
ter 1CPA has been unambiguously reported by Kerman
et al. [33], and by Wang et al. [34] for KRb molecules.

The purpose of this paper is to provide estimates for
the 1CPA and cold molecule formation rates in cold het-
eronuclear alkali pairs, as a guidance for ongoing exper-
iments. A first attempt to establish a hierarchy for the
1CPA efficiency for PA at small detunings of mixed al-
kali pairs has been proposed [35], based on a semiclassical
modelling of the wave functions. Here we start instead
from realistic potential curves available from the litera-
ture, to compute the wave functions of the relative radial
motion of the atom pair and the reaction rates, follow-
ing previous work in our group [36,37]. These rates are
scaled to the cesium experimental rates, which have been
carefully measured in our group [38]. We also discuss the
expected vibrational distribution of the formed ultracold
molecules, which could be interpreted as a probe of the
actual dynamical couplings within the created molecules.

2 Model for rate calculations

We briefly recall here the main steps for the calculation
of 1CPA rates and ultracold molecule formation rates, fol-
lowing the perturbative approach previously developed in
our group [36,37], essentially equivalent to those described
elsewhere [39,40]. The 1CPA rate of a pair of cold ground
state atoms M,M’, into a molecule MM’∗ excited in an
electronic state Ω, expressed in s−1 per atom, is calcu-
lated according to:

RPA(∆v) =
(

3λ2
th

2π

) 3
2 h

2
nMM ′AΩ |〈φ(vΩ)|Γ |χ(kBT )〉|2 ,

(1)
where ∆v is the binding energy (or the detuning of the
PA laser with intensity I) of the populated vibrational
level vΩ relative to the dissociation limit of the electronic
state Ω. The atomic cloud composed of M and M’ species
is assumed in equilibrium at a temperature T , with a
pair density nMM ′ and is characterized by the thermal
de Broglie wavelength λth = h

√
1/ (3µkBT ) (µ is the re-

duced mass of the M,M’ pair). The rate is determined by
the Franck-Condon factor involving the initial radial con-
tinuum wave function χ(kBT ; R) and the vibrational wave
function φ(vΩ ; R) of the PA level (the brackets hold for
the integral over the interatomic distance R). The molec-
ular Rabi frequency 2Γ (R) = EPAD(R)/� is proportional
to the molecular (R-dependent) transition dipole moment

D(R) and to the amplitude EPA of the PA laser. The AΩ

factor includes all angular factors relevant to the chosen
approximations and experimental arrangement (choice for
the laser polarization). We assume that the (M,M’) pair
collides in the s-wave, and that its rotational angular mo-
mentum is decoupled from its internal angular momenta.
At this point, we also neglect the hyperfine structure of
the atoms.

The cold molecule (CM) formation rate:

RCM (∆v) = RPA(∆v)B(vΩ) (2)

is proportional to the PA rate, and to the branching ratio
B(vΩ) for spontaneous emission of the vΩ level into the
vibrational levels v′′ of the lowest allowed electronic state
of the molecule:

B(vΩ) =
1

A(vΩ)

∑
v′′

AvΩv′′

=
1

A(vΩ)

∑
v′′

4e2ω3
vΩv′′

�c3
|〈φ(vΩ)|D|φ(v′′)〉|2 (3)

where ωvΩv′′ is the frequency of the emitted photon, and
A(vΩ) the total spontaneous emission probability. Assum-
ing that D(R) is slowly varying with R, and that the en-
ergy range of the populated v′′ levels is small compared
to the magnitude of �ωvΩv′′ , the branching ratio can be
approximated by:

B(vΩ) =
∑
v′′

|〈φ(vΩ)|φ(v′′)〉|2. (4)

The main interest for studying ultracold molecules formed
from different alkali atoms appears clearly from equa-
tions (2–4): in contrast with an homonuclear pair, the
spontaneous emission from the PA state is favoured at
short distances since both the ground state (or the ac-
companying lowest triplet state) and the excited potential
curves vary as R−6, giving a good opportunity to popu-
late vibrational levels of the ground state. Another gen-
eral motivation is to create stable ultracold molecules in
vibrational levels as bound as possible, and ultimately in
the lowest vibrational level v = 0. Dion et al. [37] have
shown that the so-called “resonant coupling”, resulting
from the non-Born-Oppenheimer interaction between two
electronic states, is a good candidate for such a goal. The
coupling between two potential curves may induce an en-
hancement at quite short distances of the probability den-
sity in the PA level, giving access to low vibrational lev-
els after the spontaneous decay step. Dion et al. applied
this model to the formation of ultracold cesium dimers,
which involves the strong spin-orbit interaction between
the two excited states A1Σ+

u and b3Πu correlated to the
Cs(6s)+Cs(6p) dissociation limit. In Hund’s case c cou-
pling scheme, these states are labeled as belonging to the
0+

u symmetry and dissociate into Cs(6s)+Cs(6p1/2,3/2).
Several other works have also shown that the spin-orbit
interaction in the heavy alkali atoms Rb and Cs is respon-
sible for the strong perturbation of the dimer vibrational
spectrum in their excited states, which requires to treat
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Fig. 1. The A1Σ+ (full lines) and b3Π+ (dashed lines) curves
for mixed-alkali dimers containing (a) Cs and (b) Rb. Refer-
ences for these data are given in the text. A color version of
the figure is available in electronic form at www.eurphysj.org.

simultaneously both A and b states and their coupling
for the vibrational assignment [41,42]. So we expect that
the resonant coupling induced by the spin-orbit interac-
tion between the similar states of the mixed compounds
MRb or MCs (with M = Li, Na, K, including also RbCs),
denoted by A1Σ+ and b3Π will also be efficient. We will
focus on the A and b states of these heavy species in the
following. As for the homonuclear case, the Hund’s case c
coupling scheme assigns the 0+ symmetry to these states.

Wang and Stwalley [35] extensively recalled in their pa-
per the basic properties of the electronic potential curves
of the heteronuclear alkali-metal diatomic molecules, es-
pecially their large-distance part. Briefly, such molecules
have two lowest excited 2S + 2P asymptotes which split
into four fine-structure asymptotes 2S1/2 + 2Pj , with j =
1/2, 3/2. Numerical data for these potential curves are
available in the literature, and we use here results from
the following references: reference [43] (LiCs, NaCs, KCs),
reference [44] (RbCs), reference [45] (LiRb, NaRb), and
reference [46] (KRb).

The potential curves correlated to the lowest 2S + 2P
asymptote, which corresponds to M(ns)+Cs(6p) (with
M = Li, Na, K, Rb), and to M(ns)+Rb(5p) (with M = Li,
Na, K), behave similarly to those of the homonuclear sys-
tems. For instance, Figure 1 displays the A1Σ+ and b3Π
curves for Cs and Rb compounds, which are expected to
undergo spin-orbit coupling due to their short-range cross-
ing. At large distances where PA takes place, these states
have a dominant 0+ Hund’s case c character. Due to their
mixed singlet-triplet character, they are both accessible
from the ground state X1Σ+ and the lowest triplet state
a3Σ+ dissociating into the 2S+2S ground state asymptote
(Fig. 2).

Just like homonuclear dimers, the asymptotic behav-
ior of the 2S+2P excited potential curves is different from
one mixed pair to another. The coefficient C6 of the lead-
ing term in R−6 of their long-range expansion [47] has the
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Fig. 2. The X1Σ+ (full lines) and a3Σ+ (dashed lines) curves
for mixed-alkali dimers containing (a) Cs and (b) Rb. Refer-
ences for these data are given in the text. A color version of
the figure is available in electronic form at www.eurphysj.org.

largest value for KRb, RbCs, and KCs, which lead Wang
and Stwalley [35] to suggest that for small PA detunings
the photoassociation process will be more favorable for
these latter species by at least one order of magnitude
than for all the others due to their enhanced attractive
character at large R. In the next section, we investigate
this statement for large PA detunings using exact wave
functions in the rate expression, instead of the semiclassi-
cal approach of reference [35].

3 Results

3.1 Definition of rescaled rates

In equations (1, 2), typical experimental conditions must
be defined to compute the rates. We assume here that
PA experiments could be performed under temperature
and atomic density conditions similar to those achieved
for the Cs2 experiment of the Orsay group [7]. As RPA

and RCM have been carefully measured for Cs2 [38], we
define a reduced PA rate for Cs2 according to R̄PA(Cs2) =
|〈φCsCs(vΩ)|Γ |χCsCs(kBT )〉|2, where all fundamental con-
stants and experimental parameters have been left out.
The computed PA rates for heteronuclear dimers can now
be rescaled to the Cs2 rates, by defining:

R̄PA(MM ′) =
(

µCsCs

µMM ′

)3/2

α2
at

× |〈φMM ′ (vΩ)|χMM ′ (kBT )〉|2 . (5)

Equation (5) depends on the Franck-Condon (FC) factor
relevant for each system, and then emphasizes the role of
the differences for each M,M’ pair between the potential
curves behavior. But comparing the FC factor for MM’
to the Cs2 one is not sufficient to obtain an estimate
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for the rate, as other factors depending on the reduced
mass and on the transition dipole moment are involved.
Since PA occurs mainly at large R, the molecular tran-
sition dipole moment has been replaced in Γ (R) by the
atomic one for the relevant atomic transition. This is ac-
counted by the scaling factor αat, equal to 1 for LiCs,
NaCs, KCs, RbCs, and to the ratio of atomic Rabi fre-
quencies αat = ΓRb(5s → 5p)/ΓCs(6s → 6p) ≈ 0.9 for
LiRb, NaRb, KRb. Numerical values for the scaling factor
involving reduced masses in equation (5) are listed in An-
nex (Tab. 1) for these pairs, considering various isotopic
combinations. Finally, as we neglect the atomic hyperfine
structure, we have not included in equation (5) the ra-
tio of AΩ factors. In reference [38], this factor has been
evaluated for Cs2 photoassociation in the 0−g and 0+

u sym-
metries, assuming a linear polarized PA light and s-wave
incoming channel. The ratio A(0+

u (P1/2))/A(0−g (P3/2)) is
found equal to 0.29, 0.77, and 0.28 according to the cho-
sen initial combination of atomic total angular momentum
(F, F ′) = (3, 3), (3, 4), (4, 4) respectively. One may assume
that the ratio A(0+(P1/2))/A(0−g (P3/2)) relevant for the
present study will take similar values, and that the rates
computed for the mixed species, displayed in the following
figures, could be changed by a similar amount when they
are compared to the Cs2 0−g (P3/2) rates.

The rescaled CM rate can now be written following
equation (2):

R̄CM (MM ′) = R̄PA(MM ′)B(vΩ). (6)

The main task is now the numerical computation of wave
functions, achieved just like in reference [37]: continuum
wave functions are determined from a standard Numerov
integration algorithm, for a temperature T =140 µK typ-
ical of the PA experiment in cesium [7]. Vibrational wave
functions and energies are obtained from our Fourier Grid
Hamiltonian code described elsewhere [42,48], which is
well adapted to the solution of the coupled state problem
under study. We focus on the X1Σ+ → 0+(A1Σ+) and
a3Σ+ → 0+(b3Π) transitions in our list of heavy mixed
pairs, for both the PA and CM rates. These notations re-
fer to the component of the coupled 0+ states which is
allowed for dipolar transition selection rule.

We evaluate these rates for photoassociated levels with
a binding energy between 1 cm−1 and 30 cm−1, typi-
cal of PA experiments in standard magneto-optical traps.
Levels bound by less than 1 cm−1 are strongly affected
by the hyperfine structure, and the present calculations
are no more significant. At large internuclear distances,
we smoothly connected the quantum chemistry potential
curves displayed in Figures 1 and 2 to asymptotic expan-
sions

∑
n Cn/Rn, using the accurate asymptotic Cn coeffi-

cients of reference [47]. The scattering length of the 2S+2S
resulting potentials is arbitrary, and not relevant for our
purpose, as long as they are not too large. The 2×2 Hamil-
tonian describing the 0+ states (see for instance Ref. [37])
involves either the Rb or Cs atomic spin-orbit interaction,
or a model function ζ(R) for the R-dependent molecular
spin-orbit coupling. Indeed, as no molecular data is avail-
able for this latter quantity, we follow the same approach
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Fig. 3. Rescaled rates (a) for photossoasociation and (b) cold
molecule formation for the X1Σ+ → 0+(A1Σ+) transition in
RbCs, under the three assumptions (i) single state calculation
(in green with triangles), (ii) coupled state calculation with
atomic spin-orbit coupling (in red with plus signs), (iii) coupled
state calculation with variable spin-orbit coupling (in black
with circles). These different cases are defined in the text. The
dashed lines are displayed to guide the eye. A color version of
the figure is available in electronic form at www.eurphysj.org.

than in reference [49]: we use for the Cs compounds the
ζCs(R) function from the quantum chemistry results of
Spies [50] on Cs2 0+

u states. For Rb compounds we rescale
the coupling to ζRb(R) = ζCs(R)∆so(Rb)/∆so(Cs), by the
ratio of atomic fine structure splittings, as no calculation
is available.

3.2 Photoassociation rates

As a typical example, we first check some of our hypothe-
sis on RbCs rates (Fig. 3). Since the molecular spin-orbit
interactions are almost unknown, we calculated the PA
rate assuming that (i) the single 0+(52S + 62P1/2) poten-
tial is effective for PA, (ii) both 0+ potentials are effective,
coupled through atomic spin-orbit interaction, (iii) or by
the R-dependent spin-orbit interaction defined above. We
see that the rates have almost the same magnitude for
all cases, which actually reflects the conclusion of refer-
ence [37] for the resonant coupling between 0+

u states in
Cs2. The approximation used here for the unknown cou-
pling term is then not crucial for the remaining of the
discussion.

The reduced PA rates for Cs and Rb compounds cal-
culated for the transition X1Σ+ → 0+(A1Σ+) using the
ζCs(R) and ζRb(R) coupling functions are displayed in Fig-
ure 4. It is striking to see that rescaled PA rates for all
species differ by at most a factor 4. This contrasts with
reference [35], where the authors obtained for small PA
detunings overlap integrals larger by orders of magnitude
for heavy species, compared to the light ones. But despite
the large value of the leading asymptotic coefficient C6 in
the PA state, compared to the C6 coefficient in the ground
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Fig. 4. Rescaled photoassociation (PA) rates for(a) Cs com-
pounds and (b) Rb compounds, for the X1Σ+ → 0+(A1Σ+)
transition, as a function of the detuning of the PA laser be-
low the relevant 2S + 2P1/2 asymptote. The temperature is
fixed to 140 µK for the initial colliding pair of atoms. They
are compared to reduced PA rates for the a3Σ+

u → 0−
g (62S +

62P3/2) and X1Σ+
g → 0+

u (62S + 62P1/2) transitions in Cs2.
A color version of the figure is available in electronic form at
www.eurphysj.org.

state, the density of levels in the present detuning range
is not large enough for the reflection approximation to be
accurate [39], i.e. the quantum calculation of the full wave
functions is required, instead of their values at the outer
turning point of the PA level. However, as in reference [35],
our computed overlap integral for the heavier species KRb,
KCs, RbCs are still predicted to be larger than the lighter
species LiRb, LiCs, NaRb, and NaCs. Finally the reduced
mass scaling factor present in the rescaled rates balances
this hierarchy, and tends to slightly favour the lighter
species. This results is in qualitative agreement with the
weak µ−1/2 dependence found in the perturbative model
of reference [36]. Although not surprising, the comparison
with the PA rate for the a3Σ+

u → 0−g (62S + 62P3/2) tran-
sition in Cs2 is found about 10 to 30 times smaller for the
heteronuclear species. This is due to the shorter range of
their excited molecular potentials (varying as R−6 at large
distances), compared to the homonuclear case (in R−3).
The same qualitative conclusion holds also for the PA
rates of a3Σ+ → 0+(b3Π) transition (not displayed here),
which are predicted to be 5 to 20 times smaller than the
Cs2 ones. It should be noted that PA signal from the
0−g (62S + 62P1/2) state of Cs2, which behaves also as R−6

at large distances, has been observed in reference [51], with
a magnitude well below the one for the 0−g (62S + 62P3/2)
state.

Together with the preceding example, the rate for the
X1Σ+

g → 0+
u (62S + 62P1/2) transition in Cs2, which rep-

resents the resonant coupled state case in Cs2 equivalent
to the situation studied with mixed species here, provides
an indication on the typical range for PA rates in Cs2,
which may vary by a factor of about 5 depending on the
considered PA state: experimentally, an interval of 1 to
5 s−1 per atom has been measured [38].

Finally it is interesting to try to express these results
in terms of measurable rates, in order to compare them
to experimental values. In reference [38], the PA rate for
the v = 77 level of the 0−g (62S + 62P3/2) external well in
Cs2, located at a detuning of about 7 cm−1, was measured
around 1.25×108 s−1 (with a factor of 2 uncertainty linked
to the determination of the absolute number of atoms
NCs = 5 × 107), for a PA laser intensity I = 55 Wcm−2,
and an atomic cloud with a temperature of 140 µK; in the
same paper, the same perturbative model than the one
used here yields a value of about 2.5 × 108 s−1, in good
agreement with the experimental value. In the recent PA
experiment on RbCs of reference [28], the authors reported
a rate of about 1.5× 108 s−1, measured on PA lines satu-
rating for a laser intensity of 100 Wcm−2, and using larger
sample of cold atoms NRb = 4 × 108 and NCs = 3 × 108

with temperature TRb = 55 µK and TCs = 140 µK respec-
tively. Our calculation in Figure 4 indicates that the PA
rate for 0+ levels of RbCs is about 30 times smaller than
for the 0−g (62S + 62P3/2) levels in Cs2, assuming similar
experimental conditions. This predicted difference in the
rate magnitude agrees quite well with the experiments,
if we assume [36] that the rate is proportional to the PA
laser intensity (which is larger by a factor of 2 in the RbCs
experiment), to the atom number (which is larger by a fac-
tor of 10 in the RbCs experiment), and to the inverse of
the temperature (which brings a factor between 1 and 2,
difficult to estimate as the two species are not at the same
temperature in the RbCs experiment).

3.3 Cold molecule formation rates

The rescaled cold molecule formation rates depend on
the branching ratio B(v0+) towards the lowest electronic
states, displayed in Figure 5, which are slowly varying
functions of the detuning of the PA level: indeed, the wave
function of the PA level has noticeable overlaps with sev-
eral vibrational wave functions of the ground state, which
all sum up into B(v0+) where the details of the individ-
ual wave functions are smoothed. For the lighter species
involving Li and Na, irregularities are still visible, as the
density of levels in the ground state is weaker than for the
heavier species. As inferred in the first section, the branch-
ing ratio for the mixed species is larger than for Cs2, which
reflects that the similar R−6 asymptotic behavior of the
lowest potential curve and of the excited potential curves
favours the spontaneous emission, compared to the Cs2
case.

The rescaled cold molecule (CM) formation rates are
reproduced in Figure 6. As already discussed in refer-
ence [38], the slow increase of the branching ratio with
increasing detunings compensates the decreasing of the
rescaled PA rate, leading to a CM rate which has an
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almost constant average magnitude over the displayed
range. The spontaneous emission probability towards
bound levels of the ground state is favoured for the mixed
dimers compared to the homonuclear ones, so that the CM
rate is predicted to have a magnitude at most 10 times
smaller than the rate observed for Cs2, which is encour-
aging for future experiments. Again, our calculations lead
to the same conclusion for the triplet transition.

As in the previous section, we can relate the calculated
rates to available experimental values: the formation rate
of Cs2 ultracold molecules after PA of the 0−g (62S+62P3/2)
levels is found around 2 × 106 s−1 [38], while a value of
106 s−1 is reported for RbCs [33]. If we rely again on the
factor of about 30 induced by the differences in the exper-
imental conditions, the formation rate for RbCs ground
state molecules is found about 15 times smaller than for
Cs2, while Figure 6 shows that the calculated rates differ
by a factor around 10. The agreement is then satisfac-
tory, and our model predicts that formation of LiRb and
LiCs ultracold ground state molecules should be four times
more efficient than for RbCs molecules.

The comparison with experiments in KRb [32],
NaCs [30], and NaRb [31] is not discussed here, as these
experiments rely on a PA step performed with the trap-
ping lasers, at very small detunings. Moreover, no PA rate
is available in the most recent KRb experiment of Wang
et al. [34].

3.4 Vibrational distributions of ultracold molecules

The branching ratio B(v0+) is defined as the sum of the
overlap integrals between the PA vibrational wave func-
tion and the wave functions of the populated levels in the
ground state. It is worthwhile to look at the individual
integrals, as it enlightens the vibrational distribution of
the formed ground state ultracold molecules. The com-
puted distribution in the RbCs case is given in Figure 7,
considering a single channel model (case (i) above), and a
coupled channel calculation with a variable coupling (case
(iii) above). This clearly illustrates now the crucial role
of the resonant coupling studied here: in the absence of
this coupling (case (i)), only the highest vibrational levels
of the ground state are populated. In contrast, a signifi-
cant amount of ultracold molecules are created in deeper
vibrational levels for case (iii), as the resonant coupling
induces in the PA wave function a Condon point at inter-
mediate distances, which favours the spontaneous emis-
sion towards these levels. This was the main result of
reference [37], where the observation of PA lines below
the 6S + 6P1/2 asymptote was interpreted as a clear ev-
idence of the presence of the resonant coupling between
levels of the two 0+

u states coupled with spin-orbit inter-
action. Kerman et al. interpreted [33] their observations
in the same way, and predicted a rate of about 5×105 s−1

(corresponding to ≈1.5 × 104 s−1 for experimental con-
ditions of reference [38] using again the factor 30 above)
for the formation of ground state RbCs molecules in the
level v = 62 bound by almost 1300 cm−1. As represented
in Figure 7, our calculations predict that the lowest popu-
lated level in the ground state is around v = 55, bound by
almost 1400 cm−1, with a Franck-Condon factor of 0.001,
out of a total branching ratio of ≈0.4. Under conditions
similar to those of reference [38], it would correspond to
a rate of 5 × 103 s−1, in reasonable agreement with refer-
ence [33]. The differences in the vibrational assignement is
probably due to the choice of the 0+ molecular potentials
and of their coupling.
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Fig. 7. Vibrational distribution of cold RbCs molecules in the
X1Σ+

g ground state, after spontaneous emission from the PA
level of the 0+ state located at a 7 cm−1 detuning. The abcissa
shows the vibrational quantum number of the ground state
levels. Open circles: case (i), single-state calculation; closed
circles: case (iii), two-coupled-state calculation (see text).

The vibrational distributions depend on the final
molecular state (singlet or triplet), and on their scattering
length which is arbitrary here, as well as on the PA level
and on the strength of its resonant coupling with neigh-
bouring levels. We present in Figure 8 several examples
which illustrates different situations. Generally, the most
populated levels are still by far those which are close to
the dissociation limit. Deep vibrational levels of the RbCs
lowest triplet state are expected to be efficiently populated
(see Fig. 8c) due to the resonant coupling in the PA level,
as for the singlet case of Figure 7. In contrast, the low vi-
brational levels in KRb seem more difficult to reach in the
present model (see Figs. 8a and 8b): this is probably due to
the large C6 asymptotic coefficient of the PA state, which
will favour spontaneous emission at large distances. The
LiRb molecule seems to provide a valuable case where the
vibrational distribution could be concentrated on a few
levels of the lowest triplet state.

4 Conclusion

In this paper, we have shown that the photoassociation of
cold mixed alkali atom pairs and the subsequent forma-
tion of cold molecules is a promising experimental inves-
tigation, as our calculations predict rates for these pro-
cesses which have a magnitude comparable to the rates
previously measured for Cs2 molecules. Our results are
also in agreement with the most recent observations on
cold RbCs molecule formation. An important statement
is the necessity to compute exactly the vibrational wave
functions over their whole radial extension, and not only
at the vicinity of their classical outer turning point. Reli-
able quantitative comparisons of rate magnitude among
different pairs are obtained when mass scaling factors
are introduced in the calculations as a weight for the
Franck-Condon factors involved in the rate expressions.
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Fig. 8. Various examples of vibrational distribution of cold
molecules, expressed as Franck-Condon (FC) factors computed
in case (iii) defined previously, as a function of the binding en-
ergy of the vibrational levels of the singlet ground state (a), or
of the lowest triplet state (b), (c), and (d). The corresponding
numbering of the levels is also given in the upper part of each
figure. The initial PA level of the excited molecule is indicated
by its rank in the eigenvalues of the coupled 0+ states. In each
case, the chosen level corresponds to a detuning where the cold
molecule formation rate is maximum: (a) and (b) ≈5 cm−1,
(c) ≈8 cm−1, (d) ≈2.5 cm−1.

We also emphasize the role of the resonant coupling be-
tween vibrational levels of two coupled electronic excited
states of the molecules, which is predicted to enhance
the formation of cold molecules in deeply bound vibra-
tional levels of the ground state. Such a mechanism, ini-
tially proposed by Dion et al. [37], is also invoked by
Kerman et al. [33] as the first step for the formation
of ultracold ground state molecules in the v = 0 vibra-
tional level. The main challenge for experimentalists is
now the detection of the ultracold molecules and their
vibrational population, as the density of photoassociated
levels is lower for heteronuclear species than for homonu-
clear pairs. The ionization of the created molecules is a
powerful method [7], and is a necessity, as it has been
clearly demonstrated for RbCs [33]. Further theoretical
studies should rely either on precise molecular poten-
tial curves determined by other means, like for instance
conventional absorption spectroscopy [52], high-resolution
laser spectroscopy [53], spectroscopy of molecules trapped
on helium droplets [27], or should suggest improvement of
existing potential curves through the fit of experimental
photoassociation data which are expected to come in a
near future.



202 The European Physical Journal D

Table 1. Reduced masses and mass scaling factors involved in
the rescaled PA rates (Eq. (5)).

MM’ µ(MM ′) (a.u.) (µ(Cs2)/µ(MM ′))3/2

6LiCs 10490.137 39.24
7LiCs 12148.112 31.48

NaCs 35727.701 6.24
39KCs 54924.432 3.27
85RbCs 94445.005 1.45
87RbCs 95788.267 1.42

Cs2 121136.005 1
6Li85Rb 10239.541 40.69
7Li85Rb 11813.306 32.83

Na85Rb 32978.838 7.03
39K85Rb 48685.913 3.92

85Rb2 77392.426 1.95
6Li87Rb 10255.132 40.59
7Li87Rb 11834.063 32.74

Na87Rb 33141.121 6.98
39K87Rb 49040.422 3.88

87Rb2 79212.941 1.89

Annex

We display in Table 1 reduced masses and the mass scaling
factors (µ(Cs2)/µ(MM ′))3/2 present in equation (5) for
the mixed pair involving Rb and Cs. Values for different
isotopes are given for clarity.
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Spectrosc. 203, 235 (2000)

47. A. Derevianko, J.F. Babb, A. Dalgarno, Phys. Rev. A 63,
052704 (2001)

48. K. Willner, O. Dulieu, F. Masnou-Seeuws, J. Chem. Phys.
120, 548 (2004)

49. V. Kokoouline, O. Dulieu, R. Kosloff, F. Masnou-Seeuws,
J. Chem. Phys. 110, 9865 (1999)

50. N. Spies, Ph.D. thesis, Universität Kaiserslautern (1989)
51. D. Comparat, C. Drag, A. Fioretti, O. Dulieu, P. Pillet, J.

Mol. Spectrosc. 195, 229 (1999)
52. H. Skenderovic, R. Beuc, T. Ban, G. Pichler, Eur. Phys.

J. D 19, 49 (2002)
53. O. Docenko, M. Tamanis, R. Ferber, A. Pashov,
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